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WKHUPDOFRQGXFWLYLW\OLJKWHUZHLJKWDQGKLJKHUXVHWHPSHUDWXUHDUHUHTXLUHGWRILWWKHDHURVSDFH
DSSOLFDWLRQ QHHGV  +DYLQJ QDQRSRUHV DQG KLJK SRURVLW\ DHURJHOV DUH VXSHULRU WKHUPDO
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WKHLU LQKHUHQW IUDJLOLW\ K\JURVFRSLF QDWXUH DQG SRRU PHFKDQLFDO SURSHUWLHV HVSHFLDOO\ LQ
H[WUHPH DHURVSDFH HQYLURQPHQWV  2XU UHVHDUFK JRDO LV WR GHYHORS DHURJHOV ZLWK EHWWHU
PHFKDQLFDO DQG HQYLURQPHQWDO VWDELOLW\ IRU D YDULHW\ RI DHURQDXWLF DQG VSDFH DSSOLFDWLRQV
LQFOXGLQJVSDFHVXLWLQVXODWLRQIRUSODQHWDU\VXUIDFHPLVVLRQVLQVXODWLRQIRULQIODWDEOHVWUXFWXUHV
IRU KDELWDWV LQIODWDEOH DHURG\QDPLF GHFHOHUDWRUV IRU HQWU\ GHVFHQW DQG ODQGLQJ ('/
RSHUDWLRQV DQG FU\RWDQN LQVXODWLRQ IRU DGYDQFH VSDFH SURSXOVLRQ V\VWHPV  'LIIHUHQW W\SH RI
DHURJHOV LQFOXGLQJ RUJDQLFLQRUJDQLF SRO\PHU UHLQIRUFHG 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 %DFNJURXQG
6LOLFD DHURJHOV DUH DPRQJ PDWHULDOV ZLWK WKH ORZHVW GHQVLW\ DQG WKHUPDO FRQGXFWLYLW\
+DYLQJ QDQRVWUXFWXUH ZLWK KLJK PHVRSRURVLW\ DQG JRRG WUDQVSDUHQF\ VLOLFD DHURJHOV DUH
SRWHQWLDO FDQGLGDWHV IRU YDULRXV WKHUPDO RSWLFDO FDWDO\VWV FKURPDWRJUDSKLF V\VWHPV DQG
DFRXVWLFDSSOLFDWLRQV7KHVHPDWHULDOVDUHDOVRDWWUDFWLYHIRUVSDFHDSSOLFDWLRQVLQFOXGLQJWKH
6WDUGXVW SURJUDP YHKLFOHV VSDFH VXLWV DQG LQVXODWHG ER[HV FRQWDLQLQJ WKH EDWWHULHV DQG
HOHFWURQLFV IRU0DUV URYHUV +RZHYHU WKHXVHRIDHURJHOVKDVEHHQ UHVWULFWHGGXH WR WKHLU
LQKHUHQWIUDJLOLW\K\JURVFRSLFQDWXUHDQGSRRUPHFKDQLFDOSURSHUWLHV+HQFHWKH\KDYHEHHQ
OLPLWHGWRH[RWLFDSSOLFDWLRQVVXFKDVFROOHFWLQJK\SHUYHORFLW\SDUWLFOHVIURPWKHWDLORIDFRPHWLQ
WKH6WDUGXVW0LVVLRQDQGDVWKHUPDOLQVXODWLRQRQWKH0DUV5RYHU
$Q DHURJHO LV D JHO ZKRVH VROYHQW LV UHSODFHG E\ DLU ZKLOHPDLQWDLQLQJ WKH VROLG QHWZRUN
VWUXFWXUH  *HQHUDOO\ VLOLFD DHURJHOV DUH SUHSDUHG E\ D VROJHO SURFHVV LQ ZKLFK WKHLU VRO
FROORLGDOSDUWLFOHVKDYHGLDPHWHUVLQWKHUDQJHRIQP7KHSURFHVVFDQEHGRQHHLWKHU
E\ RQHVWHS RU WZRVWHS PHWKRG  7KH VROV XQGHUJR JHODWLRQ IRUPLQJ VSRQJHOLNH WKUHH
GLPHQVLRQDOQHWZRUNVZLWKVROYHQWILOOLQJWKHSRUHV$QDHURJHOLVREWDLQHGZKHQVROYHQWLQWKH
SRUHVLVUHSODFHGE\DLUZLWKOLWWOHFKDQJHLQWKHQHWZRUNVWUXFWXUHRUWKHYROXPHRIWKHJHOERG\
7KLVVWHSLVW\SLFDOO\GRQHE\VXSHUFULWLFDOIOXLGH[WUDFWLRQ
,W KDV EHHQ GHPRQVWUDWHG WKDW D FRQIRUPDO FRDWLQJ RI SRO\PHU RYHU WKH VNHOHWDO
QDQRVWUXFWXUHRI WKHVLOLFDJHOFDQEH IRUPHGE\ UHDFWLQJGLLVRF\DQDWHZLWKVLODQROJURXSVRQ
WKH VXUIDFH 7KLV LPSURYHV WKH VWUHQJWK E\ DVPXFKDV WZRRUGHUV RIPDJQLWXGHZKLOH RQO\
GRXEOLQJ WKH GHQVLW\ RYHU WKRVH RI QDWLYH RU QRQUHLQIRUFHG DHURJHOV  ,Q DGGLWLRQ WKH
PHVRSRURVLW\ RI WKHVH SRO\PHU UHLQIRUFHG DHURJHOV LV PDLQWDLQHG ZKLFK DOVR UHWDLQV WKHLU
VXSHULRU LQVXODWLRQ SURSHUWLHV DV ZHOO DV RWKHUV  ,QFRUSRUDWLQJ D IXQFWLRQDO JURXS VXFK DV
DPLQH YLQ\O RU IUHHUDGLFDO LQLWLDWRU LQWR D VLOLFDEDVHG DHURJHO LPSURYHV WKH UHDFWLYLW\ WRZDUG
LVRF\DQDWHV DQG DOVR H[SDQGV WKH W\SHV RI RUJDQLF PRQRPHUV WKDW FDQ EH XVHG DV
UHLQIRUFHPHQWWRLQFOXGHHSR[LGHVF\DQRDFU\ODWHVSRO\LPLGHVRUVW\UHQH
2XU H[WHQVLYH VWXGLHV IRFXVHG RQ LPSURYLQJ WKH HODVWLF SURSHUWLHV RI FURVVOLQNHG VLOLFD
EDVHGDHURJHOV7KHDSSURDFKLVWRUHGXFHVRPHRIWKH26L2ERQGVLQWKHVLOLFDEDFNERQH
ZLWK EXON\ JURXSV RU IOH[LEOH RUJDQLF OLQNDJHV VXFK DV YLQ\OWULPHWKR[\VLODQH 9706  
ELVWULPHWKR[\VLO\OKH[DQH %706+ DQGRU ELVWULPHWKR[\VLO\OSURS\ODPLQH %7063$ HWF
+DYLQJIOH[LEOHXQLWVLQWKHXQGHUO\LQJVLOLFDVWUXFWXUHDQGLQFRPELQDWLRQZLWKGLIIHUHQWFRQIRUPDO
SRO\PHUFRDWLQJVWKHUHVXOWLQJDHURJHOSURGXFWVH[KLELWQRWRQO\LPSURYHGPHFKDQLFDOVWUHQJWK
EXWDOVRLPSURYHGHODVWLFSURSHUWLHV
<HW DQRWKHU XVH IRU IOH[LEOH GXUDEOH DHURJHOV FRXOG EH DV SDUW RI DQ LQIODWDEOH GHFHOHUDWRU
XVHG WRVORZVSDFHFUDIW IRUSODQHWDU\HQWU\GHVFHQWDQG ODQGLQJ ('/  ('/V\VWHPVZHUH
XVHGWRVXFFHVVIXOO\ODQGVL[URERWLFPLVVLRQVRQ0DUVIURPWR7KHVHSDVWV\VWHPV
HPSOR\HGDKDUGDHURVKHOOKHDWVKLHOGDQGSDUDFKXWHVRIPLQGLDPHWHU)XWXUHURERWLF
DQGPDQQHGPLVVLRQVDUHPXFKKHDYLHU DQGZLOO UHTXLUHPRUHGUDJ IRU ODQGLQJ +HQFHQHZ
GHVLJQVZLWKPXFK ODUJHUGLDPHWHUV PZLOO EH UHTXLUHG  ,QIODWDEOHGHFHOHUDWRUVZRXOG
VWRZ LQD VPDOO VSDFHDQGGHSOR\ LQWRD ODUJHDUHD OLJKWZHLJKW KHDWVKLHOG WR VXUYLYH UHHQWU\
0LQLPL]LQJ ZHLJKW DQG WKLFNQHVV RI WKH V\VWHP DV ZHOO DV SURYLGLQJ VXLWDEOH LQVXODWLRQ DUH
LPSRUWDQWFRQVLGHUDWLRQV0XFKDWWHQWLRQKDVEHHQRQWKHGHYHORSPHQWRIDOORUJDQLFSRO\PHU
DHURJHODQGVSHFLILFDOO\RQFURVVOLQNHGSRO\LPLGHDHURJHOV
:KLOH SRO\PHU UHLQIRUFHG VLOLFDEDVHG DHURJHOV VKRZ LPSURYHPHQWV LQPHFKDQLFDO HODVWLF
SURSHUWLHVDQGFURVVOLQNHGSRO\LPLGHDHURJHOVKDYH LPSURYHGIOH[LELOLW\DQGKLJK WHPSHUDWXUH
FDSDELOLW\   WKHVHPDWHULDOVDUHQRWVXLWDEOH IRUDSSOLFDWLRQVDW WHPSHUDWXUHDERYHR&  ,Q
FRQWUDVWDOXPLQRVLOLFDWHDHURJHOVKDYHKLJKHUVLQWHUWHPSHUDWXUHWKDQVLOLFDDHURJHOVDOORZLQJ
WKHDSSOLFDWLRQ WHPSHUDWXUH WREHKLJKHU WKDQR& $OXPLQRVLOLFDWHDHURJHOFRPSRVLWHV
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XVLQJ FHUDPLF SDSHU FHUDPLF IHOWV RU R[LGH IRDPV DV UHLQIRUFHPHQWV GR QRW FKDQJH
PLFURVWUXFWXUHHYHQDIWHUKHDWWUHDWPHQWDURXQGR&
2YHUWKHSDVWVL[\HDUVRXUZRUNKDVIRFXVHGRQV\QWKHVL]LQJGHYHORSLQJSURFHVVLQJDQG
FKDUDFWHUL]LQJ GLIIHUHQW W\SHV RI DHURJHOV DVPHQWLRQHG DERYH  3URGXFWLRQV KDYH DOVR EHHQ
VFDOHG XS IRU WHVWLQJ LQ GLIIHUHQW VSDFH DSSOLFDWLRQV LQFOXGLQJ LQVXODWLRQ IRU FU\RWDQNV SDWFK
DQWHQQDV ('/ V\VWHPV DQG LQGXVWULDO DSSOLFDWLRQV VXFK DV SLSH ZUDSSLQJ SDFNLQJ
FRQVWUXFWLRQDQGWKHUPDOLQVXODWLRQIRUGDLO\OLIH
 6\QWKHVLV&KDUDFWHUL]DWLRQDQG3URFHVVLQJRI/RZ'HQVLW\
3RO\PHU&URVVOLQNHG6LOLFD$HURJHOV3XEOLFDWLRQVDQG

 &OD\5HLQIRUFHG3RO\LPLGH6LOLFD+\EULG$HURJHOV3XEOLFDWLRQ
2QHRIWKHSRO\PHUVRILQWHUHVWFURVVOLQNVLOLFDDHURJHOLVSRO\LPLGH3RO\LPLGHVDUHKLJK
SHUIRUPDQFH SRO\PHUV DQG ZLGHO\ XVHG DV PDWUL[ UHVLQV LQ ILEHU UHLQIRUFHG FRPSRVLWHV
$URPDWLF SRO\LPLGHV LQ SDUWLFXODU DUH NQRZQ WR KDYH H[FHSWLRQDO WKHUPDO R[LGDWLYH VWDELOLW\
H[FHOOHQW PHFKDQLFDO DQG HOHFWULFDO SURSHUWLHV JRRG FKHPLFDO UHVLVWDQFH LQ PRVW FRPPRQ
VROYHQWVDQGORZGLHOHFWULFFRQVWDQW)DEULFDWLRQRISRO\LPLGHVDVFRQIRUPDOFRDWLQJVRYHUWKH
QDWLYHVLOLFDDHURJHOVSURYLGHVDEHWWHURYHUDOOVWUXFWXUDO LQWHJULW\ 6KRZQ LQ6FKHPH LV WKH
FKHPLFDO UHDFWLRQ RI WKH SRO\LPLGH  ,Q WKLVPHWKRG D SRO\LPLGHZDV LQWURGXFHG WR WKH VLOLFD
QHWZRUN DV D EULGJH EHWZHHQ VLOLFD SDUWLFOHV WR LPSURYH WKH VWUXFWXUDO LQWHJULW\  ,Q DGGLWLRQ
H[IROLDWHG FOD\ ZDV DOVR LQFRUSRUDWHG WR UHLQIRUFH WKH DHURJHO PDWUL[  7DEOH  VKRZV WKH
SK\VLFDOSURSHUWLHVRIWKHILQDOSURGXFWVDWYDULRXVDPRXQWVRIFOD\
7KHFOD\K\EULGV\VWHPZDVSUHSDUHGXVLQJRQHVWHSV\QWKHVLVZKHUHH[IROLDWHGFOD\ZDV
LQFRUSRUDWHGLQWKHDPLFDFLGVLOLFDVROJHOVEHIRUHWKHLPLGL]DWLRQUHDFWLRQWRRNSODFH/D\HUHG
VLOLFDWHFOD\VDUHDQH[FHSWLRQDOO\VWDEOHR[LGHQHWZRUNZLWKSODWHOLNHPRUSKRORJ\KLJKVXUIDFH
DUHDDQGKLJKLQSODQHVWUHQJWKWKXVZHOOVXLWHGIRUSRO\PHUVLOLFDK\EULGFRPSRVLWHV\VWHPV
7KH FOD\ UHLQIRUFHG K\EULG VLOLFD DHURJHOV H[KLELWHG UDQJHV RI GHQVLW\ VKULQNDJH DQG
SRURVLW\ VLPLODU WR WKHQRQUHLQIRUFHGDHURJHO +RZHYHU WKHLU%(7VXUIDFHDUHDVZHUH ORZHU
SUREDEO\GXH WR ODUJHUSRUHGLDPHWHUDQGZLGHUSRUHVL]HGLVWULEXWLRQ &RPSDUHG WR WKHQRQ
UHLQIRUFHGDHURJHOVFRPSUHVVLRQPRGXOLRIFOD\UHLQIRUFHGDHURJHOVDUHKLJKHUUDQJLQJIURP
± 03D8QGHUWUDQVPLVVLRQHOHFWURQPLFURVFRSH7(0JUDSKVVLOLFDSDUWLFOHVDSSHDUHGWR
JURZIURPWKHHGJHVRIWKHZHOOGLVSHUVHGFOD\SDOOHWVIURPZKLFKWKH2+IXQFWLRQDOL]HGJURXSV
IURPERWK WKH FOD\DQGVLOLFDDHURJHOV IRUPHGFRYDOHQW DQGK\GURJHQERQGVZLWKHDFKRWKHU
VXEVWDQWLDOO\UHLQIRUFLQJWKHQHWZRUNVWUXFWXUH
7DEOH3K\VLFDOSURSHUWLHVRISRO\LPLGHVLOLFDK\EULGDHURJHOVUHLQIRUFHGZLWK671FOD\
&OD\ 'HQVLW\ 6KULQNDJH 3RURVLW\ %(7VXUIDFHDUHD
 JFP   JP
    
    
    
    
    
    
    
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6FKHPH&KHPLFDOUHDFWLRQRISRO\LPLGHVLOLFDK\EULGDHURJHO5HSURGXFHGIURP3XEOLFDWLRQ
ZLWKSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
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Polyimide cross-linked silica gel
NH3.H2O in NMP
Pyridine and Acetic 
anhydride
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 6\QWKHVLV&KDUDFWHUL]DWLRQDQG3URFHVVLQJRI)OH[LEOH2UJDQLF
,QRUJDQLF+\EULG$HURJHOV3XEOLFDWLRQVDQG
6LOLFD DHURJHOV PDGH ZLWK WHWUDDON\ORUWKRVLOLFDWH SUHFXUVRUV VXFK DV
WHWUDPHWKR[\RUWKRVLOLFDWH7026RUWHWUDHWKR[\RUWKRVLOLFDWH7(26WHQGWRIRUPDVWLIIEULWWOH
VLOLFD QHWZRUN  7KRXJK VRPH PHDVXUH RI IOH[LELOLW\ LV REWDLQHG LQ WKH SRO\PHU UHLQIRUFHG
DHURJHOV WKURXJKDGHFUHDVH LQGHQVLW\ LW KDVEHHQVKRZQ WKDWPRUH IOH[LELOLW\ LV REWDLQHG LQ
XQUHLQIRUFHG DHURJHOV E\ DOWHULQJ WKH VLOLFD EDFNERQH LQ VRPH VLJQLILFDQWZD\ )RU H[DPSOH
.UDPHU HW DO GHPRQVWUDWHG WKDW LQFOXGLQJ XS WR  ZZ SRO\GLPHWK\OVLOR[DQH 3'06 LQ
7(26±EDVHGDHURJHOV UHVXOWHG LQ UXEEHU\EHKDYLRUZLWKXS WR UHFRYHUDEOH FRPSUHVVLYH
VWUDLQ 0RUH UHFHQWO\ 5DR DQG .DQDPRUL VKRZHG WKDW DHURJHOV V\QWKHVL]HG XVLQJ
PHWK\OWULPHWKR[\VLODQH0706E\YLUWXHRI OHVV6L±2±6LERQGLQJFDQEHIOH[LEOHDQGUHFRYHU
RUVSULQJEDFNDIWHUFRPSUHVVLRQ$QRWKHUPHWKRGRI LPSURYLQJIOH[LELOLW\RUHODVWLFUHFRYHU\ LQ
DHURJHOV LV WR LQFOXGH RUJDQLF OLQNLQJJURXSV LQ WKH XQGHUO\LQJ VLOLFD VWUXFWXUH6KHDDQG/R\
KDYH IDEULFDWHG K\EULG RUJDQLFLQRUJDQLF DHURJHOV IURP EULGJHG SRO\VLOVHVTXLR[DQHV XVLQJ
EXLOGLQJEORFNVFRPSULVHGRIRUJDQLFEULGJHVDWWDFKHG WR WZRRUPRUH WULDONR[\VLO\OJURXSVYLD
QRQK\GURO\]DEOHFDUERQVLOLFRQERQGV7KHSURSHUWLHVRI WKHVLOVHVTXLR[DQHGHULYHGDHURJHOV
LQFOXGLQJ PHFKDQLFDO SURSHUWLHV DQG SRUH VWUXFWXUH GHSHQG LQ ODUJH SDUW RQ WKH VL]H DQG
VWLIIQHVVRIWKHRUJDQLFEULGJHV
 6LOLFDEDVHG$HURJHOV&URVVOLQNHGZLWK3RO\VW\UHQH3XEOLFDWLRQ
:KLOH DURPDWLF FRQWDLQLQJ EULGJHV VXFK DV DURPDWLF SRO\LPLGHV DUH VWLIIHU DQG SURYLGH
H[FHOOHQWFRQWURORYHUSRUHVL]HDQGGLVWULEXWLRQRISRUHVDON\OHQHEULGJHGSRO\VLOVHVTXLR[DQH
DHURJHOVLQFRQWUDVWWHQGWREHPRUHIOH[LEOHPRUHFRPSOLDQWDHURJHOVEXWWHQGWRVKULQNPRUH
UHGXFLQJSRURVLW\
7R FRXQWHUDFW WKLV WKH HIIHFW RI LQFRUSRUDWLQJ DQ RUJDQLF OLQNLQJ JURXS VXFK DV 
ELVWULPHWKR[\VLO\OKH[DQH %706+ LQWR WKH XQGHUO\LQJ VLOLFD VWUXFWXUH ZDV H[DPLQHG
9LQ\OWULPHWKR[\VLODQH 9706 LV DOVR LQFRUSRUDWHG DV D VLWH IRU VW\UHQH FURVVOLQNLQJ LQ WKHVH
JHOV  6FKHPHV  DQG  DUH SURSRVHG PROHFXODU VWUXFWXUHV RI WKH XQUHLQIRUFHG VLOLFDEDVHG
DHURJHOV DQG D SURSRVHG FURVVOLQNLQJ RI VW\UHQH ZLWK 9706 UHVSHFWLYHO\  $ GHVLJQ RI
H[SHULPHQW'2(7DEOHZDVHPSOR\HG7KHHIIHFWRIIRXUYDULDEOHVXVHGLQWKHSUHSDUDWLRQ
RI WKH DHURJHOV LQFOXGLQJ WKH WRWDO FRQFHQWUDWLRQ RI VLOLFRQ GHULYHG IURP 7026 9706 DQG
%706+FRPELQHGPRORI9706PRORI%706+DQGSRO\VW\UHQHIRUPXODWHGPROHFXODU
ZHLJKWV)0:RQPHFKDQLFDODQGRWKHUSURSHUWLHVRIWKHDHURJHOVZDVHYDOXDWHG.   
$VRQHPD\H[SHFWLQFUHDVLQJWRWDO6LUHVXOWVLQKLJKHUGHQVLW\GXHWRDGHQVHUEDFNERQH
$VLPLODUHIIHFW LVDOVRREVHUYHGZLWK LQFUHDVLQJDPRXQWRI9706ZKLFKSURYLGHVPRUHYLQ\O
VLWHV IRU FURVVOLQNLQJZLWK VW\UHQH +RZHYHU LQFRUSRUDWLRQ RI%706+FDXVHV D GHFUHDVH LQ
GHQVLW\ 7KLV LV SUREDEO\ GXH WR WKH YLQ\O JURXSV EHLQJ VWHULFDOO\ KLQGHUHG E\ %706+ WKXV
GHFUHDVLQJWKHDPRXQWRIVW\UHQHWRUHDFW
7KHGHQVLW\ LVDOVRLQIOXHQFHGE\GLPHQVLRQDOVKULQNDJHRYHUWKHFRXUVHRISURFHVVLQJWKH
DHURJHOV2YHUDOO9706IUDFWLRQDQGSRO\VW\UHQH)0:KDYHWKHJUHDWHVWHIIHFWRQVKULQNDJH
+LJK 9706 IUDFWLRQ DQG KLJK SRO\VW\UHQH )0: UHGXFH VKULQNDJH E\ UHLQIRUFLQJ WKH VLOLFD
EDFNERQH WKURXJK LQFUHDVLQJ WKH DPRXQW RI SRO\PHU FURVVOLQNLQJ  2Q WKH RWKHU KDQG ORZ
VKULQNDJH LVDOVRREVHUYHGZKHQ WKH WRWDO6LDQG WKH IUDFWLRQRI%706+GHULYHG6L DUHKLJK
7KLV LVPRVW OLNHO\ GXH WR WKH HIIHFW RI WKH SKDVH VHSDUDWLRQ RFFXUULQJ LQ WKHVH IRUPXODWLRQV
PDNLQJWKHVLOLFDEDFNERQHDQGWKHSRUHVL]HVODUJHUDQGWKXVOHVVSURQHWRFROODSVH
)URP WKH VWXG\ LW ZDV IRXQG WKDW PRGXOXV LQFUHDVHV ZLWK LQFUHDVLQJ WRWDO VLOLFRQ
FRQFHQWUDWLRQDVWKLVOHDGVWRKLJKHUGHQVLWLHV6XUSULVLQJO\PRGXOXVGHFUHDVHVZLWKLQFUHDVLQJ
IUDFWLRQ RI 9706 HYHQ WKRXJK WKLV LQFUHDVHV WKH QXPEHU RI VLWHV DYDLODEOH IRU FURVVOLQNLQJ
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+RZHYHULQFUHDVLQJ9706DOVRWHQGVWRPDNHWKHVLOLFDEDFNERQHOHVVVWLIIGXHWROHVVVLOR[\O
ERQGLQJ )LJXUH   $V H[SHFWHG LQFUHDVLQJ DPRXQW RI %706+ DOVR OHDGV WR D GHFUHDV LQ
PRGXOXV OLNHO\GXHWRWKHHIIHFWRI LQWURGXFLQJPRUHIOH[LEOH OLQNV LQWRWKHVLOLFDEDFNERQHEXW
DOVR GXH WR WKH IDFW WKDW DW YHU\ KLJK ORDGLQJV WKH KH[\O JURXSV LQKLELW FURVVOLQNLQJ  6XFK
HYLGHQFHRIXQUHDFWHGYLQ\OJURXSV IURP9706KDVEHHQYHULILHGXVLQJ &QXFOHDUPDJQHWLF
UHVRQDQFH&105
6FKHPH3URSRVHGPROHFXODUVWUXFWXUHRIVLOLFDJHOPDGHIURPDSSUR[LPDWHO\9706DQG
 %706+ 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKW  $PHULFDQ
&KHPLFDO6RFLHW\
6FKHPH3URSRVHGFURVVOLQNLQJRI9706DQGVW\UHQH5HSULQWHGZLWKSHUPLVVLRQIURP
3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
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7DEOH   3UHSDUDWLRQ FRQGLWLRQV DQG SURSHUWLHV RI SRO\VW\UHQH FURVVOLQNHG VLOLFDEDVHG
DHURJHOV5HSULQWHGZLWKSHUPLVVLRQ IURP3XEOLFDWLRQ &RS\ULJKW$PHULFDQ&KHPLFDO
6RFLHW\
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$V D ZD\ RI PHDVXULQJ HODVWLF SURSHUWLHV DHURJHO PRQROLWKV ZHUH WDNHQ WKURXJK WZR
VXFFHVVLYH FRPSUHVVLRQ F\FOHV WR  VWUDLQ  7ZR VDPSOH VWUHVVVWUDLQ FXUYHV IURP WKHVH
WHVWVDUHVKRZQLQ)LJXUHDIRUPXODWLRQIRUDPRQROLWKZLWKDKLJKGHJUHHRIUHFRYHU\DIWHU
FRPSUHVVLRQ ORZXQUHFRYHUHGVWUDLQ DQG LQ)LJXUH E IRUPXODWLRQ IRU DPRQROLWKZLWKD
ORZHUGHJUHHRI UHFRYHU\ 1RWHKRZ WKH ILUVW DQGVHFRQGFRPSUHVVLRQ FXUYHVQHDUO\ UHWUDFH
HDFKRWKHU LQ)LJXUHDZKLOH LQ)LJXUHE WKHVHFRQGFXUYHGRHVQRWVWDUW WRULVHXQWLODERXW
 VWUDLQ  7KLV DPRXQW UHSUHVHQWV WKH ORVV RI VDPSOH OHQJWK DIWHU WKH ILUVW FRPSUHVVLRQ
)LJXUHVKRZVDSLFWXUHRI WKHDHURJHOPRQROLWKPDGHIURPIRUPXODWLRQEHIRUHWKHWHVWDQG
DIWHU WZRFRPSUHVVLRQF\FOHVVKRZLQJ WKDW WKHVDPSOH OHQJWKKDVFKDQJHGYHU\ OLWWOH WKURXJK
WKHFRXUVHRIWKHWHVW
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)LJXUH   5HVSRQVH VXUIDFH PRGHO IRU PRGXOXV SORWWHG YV WRWDO VLOLFRQ FRQFHQWUDWLRQ DQG
%706+GHULYHG 6L PRO  5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKW 
$PHULFDQ&KHPLFDO6RFLHW\
     a)                b)
)LJXUH7\SLFDOVWUHVVVWUDLQFXUYHVIRUDUHSHDWFRPSUHVVLRQWHVWVRQDIRUPXODWLRQZLWK
PRO%706+ DQG E IRUPXODWLRQ ZLWK PRO%706+ 5HSULQWHGZLWK SHUPLVVLRQ IURP
3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
&RQWDFW DQJOHVPHDVXUHG LQ WKLV VWXG\ UDQJHG IURP  R IRU VDPSOHV FRQWDLQLQJ QR
%706+WRqIRUVDPSOHVZLWKDW OHDVWPRO%706+6LDVOLVWHGLQ7DEOH 7KLV
LQGLFDWHVWKDWWKHKH[\OJURXSIURP%706+LVSUHVHQWRQWKHVLOLFDVXUIDFHDQGKDVDVLJQLILFDQW
HIIHFWRQWKHK\GURSKRELFQDWXUHRIWKHDHURJHOVDERYHDQGEH\RQGWKHVW\UHQHFURVVOLQNLQJ
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)LJXUH0RQROLWKIURPIRUPXODWLRQVKRZQEHIRUHDQGDIWHUWZRFRPSUHVVLRQF\FOHV
5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
$ VWXG\ RI WKH VROXELOLW\ DQG KRPRJHQHLW\ EHWZHHQ VROYHQW DQG WKH SUHFXUVRUV ZDV
FRQGXFWHG ZLWK PHWKDQRO DQG HWKDQRO  +LJK %706+ FRQWDLQLQJ DHURJHOV SUHSDUHG IURP
PHWKDQRO H[KLELW SKDVH VHSDUDWLRQ ZKLFK OHDG WR WKH ORVV RI PHVRSRURVLW\ DQG KHQFH ORZ
VXUIDFHDUHDVDVDFRQVHTXHQFH(WKDQROEHLQJDOHVVSRODUVROYHQWWKDQPHWKDQRODQGKDYLQJ
DKLJKHUDON\OFKDLQEHWWHUVROYDWHVWKHYLQ\ODQGKH[\OJURXSRQWKHVXUIDFHRIWKHGHYHORSLQJ
VLOLFDSDUWLFOHVDQGKHOSVNHHSDPRUHKRPRJHQHRXVRUFRQWLQXRXVSKDVH,OOXVWUDWHGLQ)LJXUH
DUHPLFURJUDSKVRISDLUVRIVDPSOHVSUHSDUHGLQPHWKDQRODQGHWKDQRO'UDPDWLFFKDQJHVLQ
PLFURVWUXFWXUHVFRXOGEHVHHQDQGIRUPXODWLRQVSUHSDUHG LQHWKDQROSURGXFHDPRUHXQLIRUP
ILQHUSDUWLFOHVWUXFWXUH WKDQ WKRVHIURPPHWKDQRO UHVXOWLQJ LQKLJKHUVXUIDFHDUHDV IURP 
PJWRPJ
0HWKDQRO
D )RUPXODWLRQ E )RUPXODWLRQ F )RUPXODWLRQ
(WKDQRO
G )RUPXODWLRQ H )RUPXODWLRQ I )RUPXODWLRQ
)LJXUH   6FDQQLQJ HOHFWURQPLFURVFRSH 6(0 LPDJHV RI DHURJHO PRQROLWKV SUHSDUHG IURP
XSSHUPHWKDQROVROXWLRQD±FDQGORZHUHWKDQROVROXWLRQG±I5HSULQWHGZLWKSHUPLVVLRQ
IURP3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
Before After 
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 (ODVWLFEHKDYLRURI0HWK\OWULPHWKR[\VLODQH%DVHG$HURJHOV5HLQIRUFHGZLWK
7ULLVRF\DQDWH3XEOLFDWLRQ
7KRXJK0706GHULYHGDHURJHOVDUHYHU\IOH[LEOHDQGHODVWLFLWGRHVQRWWDNHPXFKIRUFHWR
FRPSUHVVWKHP6LPLODUWRWKHDERYHDSSURDFKZKHUH9706DQG%706+ZLWKIOH[LEOHOLQNDJHV
ZHUHLQFRUSRUDWHGLQWRWKHXQGHUO\LQJVLOLFDVWUXFWXUHDQGFRUHDFWHGZLWK7026WKHDHURJHOVLQ
WKLV VWXG\ ZHUH SUHSDUHG XVLQJ 0706 DQG ELVWULPHWKR[\VLO\OSURS\ODPLQH %7063$
SUHFXUVRUVLQDRQH±VWHSV\QWKHVLV7KHVHFRQGDU\DPLQHIURPWKH%7063$LVXVHGDVEDVH
WR FDWDO\]H FRQGHQVDWLRQ RI WKH VLODQHV DVZHOO DV D FURVVOLQNLQJ VLWH IRU UHDFWLRQ WR IRUPD
SRO\XUHDFRQIRUPDOFRDWLQJRQWKHVLOLFDVWUXFWXUH$VWDWLVWLFDOH[SHULPHQWDOGHVLJQLVHPSOR\HG
WRH[DPLQHWKHHIIHFWRIIRXUYDULDEOHVXVHGLQWKHSUHSDUDWLRQRIWKHDHURJHOVLQFOXGLQJWKHWRWDO
FRQFHQWUDWLRQ RI VLOLFRQ GHULYHG IURP 0706 DQG %7063$ FRPELQHG PRO  %7063$
ZDWHUVLOLFRQPROUDWLRUDQGWKHQXPEHURIZDVKHVUHPRYDORIH[FHVVZDWHULQWKHK\GURJHOV
EHIRUH WKH FURVV±OLQNLQJ ZLWK D WULLVRF\DQDWH 'HVPRGXU 1$ RQ PHFKDQLFDO DQG RWKHU
SURSHUWLHVRIWKHDHURJHOV3URSHUWLHVRIWKHVHSRO\PHUUHLQIRUFHGDHURJHOVDUHDOVRFRPSDUHG
WRWKHLUQRQ±FURVV±OLQNHGFRXQWHUSDUWV7KHHIIHFWRIVROYHQWVLQFOXGLQJDFHWRQLWULOHDQGDFHWRQH
RQWKHSURSHUWLHVZDVDOVRLQYHVWLJDWHG7DEOHVDQG6KRZQLQ6FKHPHVDQGDUHWKH
SURSRVHGPROHFXODUVWUXFWXUHRIWKHSRO\PHUUHLQIRUFHGDHURJHOVDQGWKHUHDFWLRQRIZDWHUZLWK
LVRF\DQDWH
$V RQH PD\ H[SHFW GHQVLWLHV RI ERWK QRQUHLQIRUFHG DQG SRO\PHU UHLQIRUFHG VDPSOHV
LQFUHDVH ZLWK LQFUHDVLQJ WRWDO VLOLFRQ FRQFHQWUDWLRQ DV ZHOO DV LQFUHDVLQJ PRO IUDFWLRQ RI
%7063$ 7KLV LVGXHWR WKHDGGLWLRQRIPRUHVLOLFD WR WKHVWUXFWXUHDQGPRUHRUJDQLF OLQNLQJ
JURXSVWRWKHEDFNERQH)RUWKHFURVVOLQNHGDHURJHOVDKLJKHUIUDFWLRQRI%7063$LQWURGXFHV
PRUH DPLQH VLWHV DYDLODEOH IRU WULLVRF\DQDWH UHDFWLRQ +RZHYHU DV IRXQG LQ WKLV VWXG\ YHU\
OLWWOHSRO\PHULVLQFRUSRUDWHGLQIRUPXODWLRQVZLWKWKHORZHVWWRWDOVLOLFRQDQG%7063$IUDFWLRQ
\LHOGLQJ LQVLJQLILFDQW LQFUHDVH LQ GHQVLW\ FRPSDUHG WR WKHLU QRQFURVVOLQNHG FRXQWHUSDUWV
$JDLQWKHGHQVLW\DQGSRURVLW\DUHDOVRLQIOXHQFHE\WKHGLPHQVLRQDOFKDQJHRUVKULQNDJH
RI WKHPRQROLWK  ,Q JHQHUDO KLJKHU VKULQNDJH UHVXOWV LQ KLJKHU GHQVLW\ DQG ORZ SRURVLW\ 
2YHUDOO DV UHSRUWHG LQ7DEOH  WKH SRO\PHU FURVVOLQNHG QHWZRUN DSSHDUV WR UHWDLQ WKH SRUH
VWUXFWXUH RU %(7 VXUIDFH DUHDV EHWWHU WKDQ WKH QRQFURVVOLQNHG V\VWHP 7DEOH   7KH
SRO\PHUUHLQIRUFHGDHURJHOVWHQGVWRVKULQNOHVVWKDQWKHLUQRQUHLQIRUFHGFRXQWHUSDUWV
DQGWKRVHSUHSDUHGLQDFHWRQLWULOHVKULQN±OHVVWKDQWKRVHPDGHLQDFHWRQH
6(0LPDJHVRIVHOHFWVDPSOHVIURPWKHVWXG\DUHVKRZQLQ)LJXUHWRLOOXVWUDWHWKHGLIIHULQJ
PRUSKRORJLHV DULVLQJ IURPGLIIHUHQW SURFHVVLQJ FRQGLWLRQV 1RQUHLQIRUFHG DHURJHOV VKRZQ LQ
)LJXUHDFLOOXVWUDWHWKHLQFUHDVHLQSDUWLFOHVL]HDQGGHFUHDVHLQVXUIDFHDUHDDVWRWDO6LDQG
%7063$IUDFWLRQLVUHGXFHG$VLPLODUWUHQGLVREVHUYHGLQWKHSRO\PHUFURVVOLQNHGDHURJHOV
)LJXUH  GL  $W KLJK 6L FRQFHQWUDWLRQ GHQVHU VWUXFWXUHV KLJKHU GHQVLWLHV DQG ORZHU %(7
VXUIDFHDUHDV LQ WKHUHLQIRUFHGVSHFLPHQVSURYHWKHSUHVHQFHRI WULLVRF\DQDWH LQ WKHV\VWHP
HVSHFLDOO\ZKHQSUHSDUHGXVLQJDFHWRQHDVVROYHQW LQGLFDWLQJ WKHPRUHDYDLODEOHDPLQHVLWHV
IRUWKHFURVVOLQNLQJUHDFWLRQ$WWKHORZHVW6LFRQFHQWUDWLRQLQWKLVVWXG\PXFKODUJHUSDUWLFOH
VL]HVIRUPHGZKLFKDUHVPRRWKHULQDSSHDUDQFH LQGLFDWLQJWKHORVVRIWKHILQHSRUHVWUXFWXUH
DVZHOODVDOPRVWQRWULLVRF\DQDWHLQFRUSRUDWHGHYLGHQFHGE\&105)LJXUH1RWHWKDW
WKHVFDOHIRUWKRVHDWORZFRQFHQWUDWLRQ)LJXUHFIDQGLLVDWDPXFKORZHUPDJQLILFDWLRQ
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6FKHPH3URSRVHGPROHFXODUVWUXFWXUHRIDHURJHOVIURP0706DQG%7063$UHLQIRUFHGZLWK
WULLVRF\DQDWH 'HVPRGXU 1 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKW
$PHULFDQ&KHPLFDO6RFLHW\
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6FKHPH 0HFKDQLVP IRUFURVVOLQNLQJ UHDFWLRQRIDPLQHZLWK WULLVRF\DQDWH LQFOXGLQJFKDLQ
H[WHQVLRQ UHDFWLRQ GXH WR H[FHVV ZDWHU 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ 
&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
)LJXUH6(0LPDJHVRIVHOHFWQRQUHLQIRUFHGVDPSOHVDEDQGFIURP7DEOHFRPSDUHGWR
FRUUHVSRQGLQJUHLQIRUFHGDHURJHOVIURP7DEOHSUHSDUHGXVLQJDFHWRQLWULOHDVVROYHQWGHDQG
IDQGXVLQJDFHWRQHDVVROYHQW JKDQG L 5HSULQWHGZLWKSHUPLVVLRQ IURP3XEOLFDWLRQ
&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
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7DEOH   3UHSDUDWLRQ FRQGLWLRQV DQG PHDVXUHG SURSHUWLHV IRU SRO\PHU UHLQIRUFHG DHURJHOV
5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
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7DEOH  3UHSDUDWLRQ FRQGLWLRQV DQG PHDVXUHG SURSHUWLHV IRU QRQUHLQIRUFHG DHURJHOV
5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\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D$HURJHOVZHUHQRWWHVWHGGXHWKHLUVRIWQHVVDQGRUIUDJLOLW\
E1RVDPSOHVDYDLODEOHIRUWHVWLQJ
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6KRZQ LQ )LJXUH  DUH & 105 VSHFWUD RI IRUPXODWLRQV IDEULFDWHG IURP GLIIHUHQW
FRQFHQWUDWLRQV RI WRWDO VLOLFRQ DQG %7063$ DQG IURP ERWK DFHWRQLWULOH DQG DFHWRQH
,QFRUSRUDWLRQRI'HVPRGXU$FRXOGEHREVHUYHGDWDERXWSSPDQGSSP)LJXUH
DEDWKLJKHVWFRQFHQWUDWLRQRIWRWDO6LZLWKKLJKHVWFRQFHQWUDWLRQRI%7063$$WWKHRSSRVLWH
HQGRI WKHVSHFWUXP WKHUHZDV OLWWOHRUQRSRO\PHUSUHVHQW 7KHVHREVHUYDWLRQVDUH LQJRRG
DJUHHPHQWZLWKUHVXOWVIRXQGLQGHQVLW\
$VIRUPHFKDQLFDOSURSHUWLHVWKHLQFUHDVHLQGHQVLW\OHDGVWRWKHLQFUHDVHLQPRGXOLZKLFK
KROGV WUXH IRUERWKQRQUHLQIRUFHGDQG UHLQIRUFHGDHURJHOV $JDLQDQ LQFUHDVH LQPRGXOXV LV
DOVR GLUHFWO\ UHODWHG WR DQ LQFUHDVH LQ GHQVLW\ RU KLJKHU VKULQNDJH  DVZHOO DV LQ VROYHQW
DFHWRQLWULOH YHUVXV DFHWRQH 6KRZQ LQ)LJXUH DUH W\SLFDO VWUHVVVWUDLQ FXUYHV RI QRQFURVV
OLQNHGDQGFURVVOLQNHGVDPSOHV7KHFRQIRUPDOFRDWLQJRIWKHSRO\PHUGUDVWLFDOO\LPSURYHGQRW
RQO\ WKH VWUHQJWKRI WKHVLOLFDEDVHGDHURJHO EXW DOVR WKHXQUHFRYHUHGVWUDLQXQGHU UHSHDWHG
FRPSUHVVLRQ WHVWV  7KHLU LPSURYHG IOH[LELOLW\ DQG JRRG UHFRYHU\ DIWHU  FRQVHFXWLYH
FRPSUHVVLRQVDWVWUDLQFRPSDUHGWRWKRVHQRQFURVVOLQNHGDHURJHODUHOLVWHGLQ7DEOHV
DQG  DQG DUH LOOXVWUDWHG LQ )LJXUH  ZKHUH SDLUV RI OLQHV LQ WKH JUDSKV UHSUHVHQW WZR
VXEVHTXHQWVWUHVVVWUDLQFXUYHV
)LJXUH   6ROLG & 105 VSHFWUD RI VDPSOHV IURP IRUPXODWLRQV OLVWHG LQ 7DEOH    6DPSOH
VSHFWUDVKRZQLQDDFHWRQLWULOHDQGEDFHWRQHZHUHIDEULFDWHGDWKLJKHVW6LFRQFHQWUDWLRQ
PROOZLWKPRO%7063$GHULYHG6LZKLOHFDFHWRQLWULOHDQGGDFHWRQHZHUHIDEULFDWHGDW
ORZHVW 6L FRQFHQWUDWLRQ  PROO 6L ZLWK  PRO  %706$3 GHULYHG 6L 5HSULQWHG ZLWK
SHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
&+6L8UHD& 2
F\DQXUDWH
& 2 ±1&+±
1&+ &+&+&+- 
&+
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)LJXUH   7\SLFDO VWUHVVVWUDLQ FXUYHV IRU D SRO\PHU UHLQIRUFHG DHURJHO FRPSDUHG WR D QRQ
UHLQIRUFHGDHURJHOERWKSUHSDUHGLQDFHWRQLWULOH5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ
&RS\ULJKW$PHULFDQ&KHPLFDO6RFLHW\
)LJXUH   7\SLFDO VWUHVVVWUDLQ FXUYHV IRU D UHSHDW FRPSUHVVLRQ WHVWV RQ YDULRXV SRO\PHU
UHLQIRUFHG DHURJHOV ZLWK GLIIHUHQW WRWDO VLOLFRQ FRQFHQWUDWLRQ DQG %063$ OHYHOV RI PRQROLWKV
SUHSDUHG LQ DFHWRQLWULOH 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKW 
$PHULFDQ&KHPLFDO6RFLHW\
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 (ODVWLF/RZ'HQVLW\$HURJHOV'HULYHGIURP%LV>
7ULHWKR[\VLO\OSURS\O@GLVXOILGH7026DQG9LQ\OWULPHWKR[\VLODQHE\WZR
VWHSSURFHVV3XEOLFDWLRQ
,Q WKLV VWXG\ ZH FRPELQHG EULGJHG VLOVHVTXLR[DQH %LV>7ULHWKR[\VLO\OSURS\O@GLVXOILGH
%763'DQGD WULDONR[\VLODQH9706WR IXUWKHU LPSURYH WKH IOH[LELOLW\DQGHODVWLF UHFRYHU\RI
VLOLFD EDVHG DHURJHOV  %763' FRPSULVHG RI WZR SURS\O XQLWV OLQNHG E\ D VXOIXUVXOIXU ERQG
SURYLGHVDIOH[LEOHEULGJLQJJURXSLQWKHVLOLFDVWUXFWXUHDVVKRZQLQ6FKHPH9706ZLWKD
K\GURSKRELFYLQ\OJURXS LVVLPLODU WR0706LQ WKDWRQO\ WKUHH6L2ERQGVDUHSRVVLEOH IRU WKH
K\GURO\VLVDQGFRQGHQVDWLRQ UHDFWLRQV WR WDNHSODFH  ,QDGGLWLRQ YLQ\O EHLQJ ODUJHU WKDQ WKH
PHWK\O JURXS PD\ DOWHU WKH SRUH VWUXFWXUH DV ZHOO DV SURYLGH D UHDFWLYH VLWH IRU SRO\PHU
UHLQIRUFHPHQW5HLQIRUFLQJWKHDHURJHOVWUXFWXUHE\FRUHDFWLQJVW\UHQHRURWKHUHQHPRLHWLHV
ZLWKWKHVXUIDFHYLQ\OJURXSVVXSSOLHGE\9706PD\SURYLGHHYHQKLJKHUVWUHQJWKVDQDORJRXV
WR RWKHU SRO\PHU UHLQIRUFHG DHURJHOV  $V VKRZQ LQ 6FKHPH  9706 DQG %763' DUH
FRSRO\PHUL]HG ZLWK 7026 XVLQJ D WZR-VWHS DFLGEDVH VROJHO V\QWKHVLV DQG HWKDQRO DV D
VROYHQW 7KHJRDORI WKHUHVHDUFK LV WRSURGXFHDHURJHOVZLWKDFRPELQDWLRQRIKLJKVWUHQJWK
KLJK VXUIDFH DUHD DQG JRRG HODVWLF UHFRYHU\  6XFK D UREXVW DHURJHO PD\ EH HQDEOLQJ IRU
DHURVSDFHDSSOLFDWLRQVVXFKDVIRUVSDFHVXLWVIRU0DUVVXUIDFHPLVVLRQVZKHUHDFRPELQDWLRQ
RIWKHEHVWWKHUPDOLQVXODWLRQDQGUREXVWPHFKDQLFDOSURSHUWLHVLVQHHGHG
6FKHPH   )RUPDWLRQ RI QHWZRUN XVLQJ %763' 7026 DQG 9706 LQ D VROJHO SURFHVV
5HSURGXFHGIURP3XEOLFDWLRQZLWKWKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
6WDWLVWLFDO H[SHULPHQWDO GHVLJQ PHWKRGRORJ\ LV DSSOLHG WR H[DPLQH WKH HIIHFWV RI WKUHH
YDULDEOHV WKHFRQFHQWUDWLRQVRI%763'9706DQG7026RQWKHVWUXFWXUHDQGSURSHUWLHVRI
WKHUHVXOWLQJVDPSOHV7KHWRWDOPRODUUDWLRRIWKHQLWULFDFLGWRWRWDO6LZDVIL[HGDWDQGD
YROXPH UDWLR RI 0 QLWULF DFLG WR 1+2+RI ZDV XVHG  3UHOLPLQDU\ZRUN IRXQG WKDW
VWXUG\JHOVZHUHIRUPHGRQO\ZKHQWKHDFLGWREDVHYROXPHUDWLRLV$WKLJKHUUDWLRRIDFLG
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WR EDVH JHODWLRQ GLG QRW WDNH SODFH ZKLOH DW ORZHU UDWLR VHWWOLQJ RI SDUWLFOHV ZDV REVHUYHG
0RQROLWKVZHUHPDGHXVLQJFRQFHQWUDWLRQVRI9706DQG%763'YDULHG IURP WRPROO
DQG7026YDULHGIURPWR&RPELQDWLRQVRIPROO%763'DQGPROO7026ZLWK
DQGPROO9706GLGQRWJHO,QDGGLWLRQVDPSOHVIURPWKHIRUPXODWLRQODEHOOHGDVLQ
7DEOHXVLQJWKHVDPHDPRXQWRI%763'DQG7026ZLWKPROO9706ZHUHWRRIUDJLOHIRU
FRPSUHVVLRQWHVWLQJDQGFRQWDFWDQJOHPHDVXUHPHQWV
7KHSURSHUWLHVRIWKHDHURJHOVDUHVKRZQLQ7DEOH$OOVDPSOHVSURGXFHGZHUHZKLWHDQG
RSDTXH DV VKRZQ LQ )LJXUH   6KULQNDJH RFFXUULQJ RYHU WKH HQWLUH IDEULFDWLRQ SURFHVV
PHDVXUHGDVWKHGLIIHUHQFHEHWZHHQWKHGLDPHWHURIWKHPROGDQGWKHGULHGPRQROLWKZDVIDLUO\
XQLIRUPDFURVVWKHVWXG\UDQJLQJEHWZHHQWR
7DEOH   3UHSDUDWLRQ FRQGLWLRQV DQG PHDVXUH SURSHUWLHV RI PRQROLWKV PDGH IURP %763'
7026 DQG 9706D  5HSURGXFHG IURP 3XEOLFDWLRQ  ZLWK WKH SHUPLVVLRQ IURP 7KH 5R\DO
6RFLHW\RI&KHPLVWU\
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D&RPELQDWLRQVRIPROODQGPROO9706ZLWK%763'DQGPROO7026GLGQRWJHODQG
WKXVDUHQRWUHSRUWHG
E)RUPXODWLRQWRRIUDJLOHWRWHVW
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)LJXUH3KRWRVRIWKHVHOHFWHGVDPSOHVPDGHZLWK%763'7026DQG97065HSURGXFHG
IURP3XEOLFDWLRQZLWKWKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
7KHEXONGHQVLW\RI WKHVDPSOHV LQ WKH VWXG\ UDQJHG IURP WRJFP 'HQVLW\
LQFUHDVHG ZLWK LQFUHDVLQJ FRQFHQWUDWLRQV RI 9706 %763' DQG 7026  ,QFUHDVLQJ VLODQH
FRQFHQWUDWLRQ LQJHQHUDO LQFUHDVHV WKHDPRXQWRI VLOLFD LQ WKH VDPSOHZKLOH LQFUHDVLQJ9706
DQG%763'DOVRFDXVHVDQLQFUHDVHLQWKHDPRXQWRIRUJDQLFSHQGDQWRUEULGJLQJJURXSVLQWKH
VDPSOHV%763'FRQFHQWUDWLRQKDVWKHODUJHVWHIIHFWRQGHQVLW\EHFDXVHLWFRQWDLQVWKHODUJHVW
EULGJLQJRUJDQLFJURXSDQGFRQWULEXWHVWZR6LJURXSV7KHSRURVLWLHVRIWKHVDPSOHVUDQJHIURP
WR3RURVLW\GHFUHDVHVZLWKLQFUHDVLQJDPRXQWVRIVLODQHSUHFXUVRUVLQRSSRVLWLRQ
WR GHQVLW\ WKHPRUH VROLG SKDVH WKH OHVV SRURVLW\  %763' DJDLQ KDV WKH ODUJHVW HIIHFW E\
FRQWULEXWLQJERWKLQFUHDVHGDPRXQWVRI6LDQGRUJDQLFWRWKHPRQROLWKV
7KHDGVRUSWLRQLVRWKHUPVRIWKHVDPSOHVDUHDQ,83$&W\SH,9FXUYHZLWKDQ+K\VWHUHVLV
ORRSLQGLFDWLQJWKDWWKHPRQROLWKVFRQVLVWSUHGRPLQDWHO\RIWKUHHGLPHQVLRQDOFRQWLQXRXVPHVR
PDFURSRUHV:KHQWKHWRWDOVLODQHDPRXQWRI%763'DQG9706LVJUHDWHUWKDQWKDWRI7026
DV LQ VDPSOH  SODWHDXV DW KLJK UHODWLYH SUHVVXUH 33 ZHUH REVHUYHG LQGLFDWLQJ WKH
PRGLILFDWLRQ RI WKH SRUH VWUXFWXUHV RI WKH RUJDQLF JURXSV GHULYHG IURP %763' DQG 9706
6DPSOHV ZLWK H[WUHPHO\ ORZ VXUIDFH DUHD VXFK DV VDPSOHV  DQG  QR DGVRUSWLRQ DQG
GHVRUSWLRQLVRWKHUPFXUYHVFDQEHREWDLQHGLQGLFDWLQJORVVRIPHVRSRURVLW\
7KH VXUIDFH DUHDV UDQJH IURP  PJ WR DV PXFK DV  PJ DV VHHQ LQ )LJXUH 
,QFUHDVLQJ 7026 FRQFHQWUDWLRQ VLJQLILFDQWO\ LQFUHDVHV VXUIDFH DUHD  +RZHYHU LQFUHDVLQJ
%763'HVSHFLDOO\ZKHQ7026FRQFHQWUDWLRQ LVKLJKFDXVHVDGHFUHDVH LQVXUIDFHDUHD  ,Q
IDFWZKHQ7026FRQFHQWUDWLRQLVDWPROOVXUIDFHDUHDVGURSE\KDOIJRLQJIURPORZWRKLJK
%763'FRQFHQWUDWLRQVPJWRPJ$WPROO7026%763'FRQFHQWUDWLRQKDV
OHVVRIDQHIIHFWRQVXUIDFHDUHDV,QWKHVHFDVHVDOOVXUIDFHDUHDVZHUHVPDOOUDQJLQJIURP
PJWRPJIRUDOOWKHVDPSOHV$JDLQQRWHWKDWDWWKHORZHVWOHYHOVRI7026DQG%763'
RQO\WKHIRUPXODWLRQZLWK9706DWPROOZDVDEOHWREHSURGXFHG9706KDVQRVLJQLILFDQW
HIIHFWRQVXUIDFHDUHD
7KHGLIIHUHQFHLQQDQRVWUXFWXUHFDQDOVREHVHHQIURP6(0LPDJHVDVVKRZQLQ)LJXUH
)RU WKH DHURJHOV PDGH XVLQJ KLJK FRQFHQWUDWLRQV RI 7026 PROO KLJKHU %763'
FRQFHQWUDWLRQ OHDGV WR ODUJHU SDUWLFOH VL]HV DQG ODUJHU SRUHV  +HQFH WKH VXUIDFH DUHD LV
GHFUHDVHG6DPSOHV)LJXUHDDQG)LJXUHEERWKSURGXFHGXVLQJPROORI7026
VKRZDW\SLFDODHURJHOPRUSKRORJ\ZLWKDILQHGLVWULEXWLRQRIXQLIRUPO\VPDOOSDUWLFOHV+RZHYHU
WKHSRUHVWUXFWXUHRI WKHPRQROLWKVPDGHXVLQJPROO%763' )LJXUHDDQG WKDWPDGH
XVLQJPROO%763')LJXUHEKDYHDZLGHGLVWULEXWLRQRISRUHVL]HVUDQJLQJIURPQPWR
QP 7KLV HIIHFW RQ SRUH VWUXFWXUH GXH WR LQFRUSRUDWLQJ DQ RUJDQLF OLQNLQJJURXS LQWR WKH
VLOLFD EDFNERQH LV DJDLQ WKH VDPH DV WKDW REVHUYHG ZLWK LQFUHDVLQJ %706+ LQ WKH HSR[\
UHLQIRUFHG DHURJHOV SUHYLRXVO\ VWXGLHG  'HFUHDVLQJ WKH FRQFHQWUDWLRQ RI 7026 WR  PROO
OHDGV WR ODUJHU SRUH GLDPHWHUV DV VHHQ LQ WKH PLFURJUDSKV RI VDPSOH  )LJXUH F DQG
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VDPSOH)LJXUHG+RZHYHUDWWKHORZHVW7026FRQFHQWUDWLRQZKHQGHFUHDVLQJ%763'
DPRXQWIURPPROOWRPROOWKHSDUWLFOHVL]HLQFUHDVHVIURPQP)LJXUHGWRȝP
)LJXUHF1RWHWKDWWKHVHPLFURJUDSKVDUHVKRZQDWDGLIIHUHQWVFDOH
)LJXUH   *UDSK RI HPSLULFDO PRGHO IRU VXUIDFH DUHD YV %763' DQG 7026 FRQFHQWUDWLRQ
VKRZQZLWKUDZGDWD 1RWHWKDW9706LVQRWDVLJQLILFDQWIDFWRU LQWKHPRGHORYHUDQGDERYH
UDQGRPHUURU5HSURGXFHGIURP3XEOLFDWLRQZLWKWKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI
&KHPLVWU\
)LJXUH6(0LPDJHVRIDVDPSOHPROO%763'DQGEVDPSOHPROO%76'3
PDGHXVLQJPROO7026 FRPSDUHG WR VDPSOHVPDGHZLWKPROO 7026F VDPSOH
PROO%763'DQGGVDPSOHPROO%763'5HSURGXFHGIURP3XEOLFDWLRQZLWK
WKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
'HFUHDVLQJWKHDPRXQWRI7026QRWRQO\FDXVHVDGLIIHUHQFHLQWKHQDQRVWUXFWXUHVXUIDFH
DUHD SRUH VL]H DQGPRUSKRORJ\ EXWPD\ DWWULEXWH WR WKH VROXELOLW\ GLIIHUHQFHV RI WKH VLOR[\
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SUHFXUVRUVLQWKHHWKDQROZDWHUPL[WXUHXVHGWRSURGXFHWKHJHOV:KHQPRUH7026LVXVHG
HWKDQROVROYDWHVWKHVLOR[\JURXSVOHDGLQJWRDZHOOGLVSHUVHGDUUD\RIVPDOOSDUWLFOHVDQGSRUHV
7KH DOLSKDWLF JURXSV DUH QRW DV VROXEOH LQ WKH DTXHRXV HWKDQRO UHVXOWLQJ LQ PRUH SKDVH
VHSDUDWLRQLQWKHJHOODUJHUSDUWLFOHVL]HVDQGDFROODSVHRIWKHPHVRSRURVLW\
$OOVDPSOHVDUHUHODWLYHO\K\GURSKRELFZLWKFRQWDFWDQJOHVRIDW OHDVW $VVHHQIURP
)LJXUHK\GURSKRELFLW\ LQFUHDVHVZLWK LQFUHDVLQJ%763'7026DQG9706FRQFHQWUDWLRQ
ZLWKWKHJUHDWHVWHIIHFWLI9706FRYHUVWKHVLOLFDVXUIDFHZLWKK\GURSKRELFYLQ\OJURXSV$WKLJK
9706FRQFHQWUDWLRQ7026FRQFHQWUDWLRQKDVQRHIIHFWRQPHDVXUHGFRQWDFWDQJOHV $W ORZ
9706 GHFUHDVLQJ 7026 FRQFHQWUDWLRQ GHFUHDVHV WKH FRQWDFW DQJOH  7KH KLJKHVW FRQWDFW
DQJOHVPHDVXUHG LQ WKHVWXG\ RDUH IRU VDPSOHVFRQWDLQLQJ WKHKLJKHVW OHYHOVRI%763'
DQG9706UHJDUGOHVVRI7026FRQFHQWUDWLRQ
)LJXUH   *UDSK RI HPSLULFDO PRGHO IRU ZDWHU FRQWDFW DQJOH YV %763' DQG 9706
FRQFHQWUDWLRQDWWKUHHOHYHOVRI7026FRQFHQWUDWLRQ5HSURGXFHGIURP3XEOLFDWLRQZLWKWKH
SHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
&RPSUHVVLRQ WHVWVZHUH UXQ RQ DOOPRQROLWKV IURP7DEOH  H[FHSW VDPSOH  VLQFH WKLV
IRUPXODWLRQ ZDV YHU\ IUDJLOH  $V VKRZQ LQ )LJXUH D 7026 FRQFHQWUDWLRQ KDV WKH ODUJHVW
HIIHFW RQ PRGXOXV ZLWK PRGXOXV LQFUHDVLQJ ZLWK LQFUHDVLQJ 7026 FRQFHQWUDWLRQ  $W KLJK
7026 FRQFHQWUDWLRQ WKH UHVSRQVH VXUIDFH LV YHU\ IODW ZKLFK LQGLFDWHV WKDW WKHUH LV QR
VLJQLILFDQW HIIHFW RI 9706 RU %763' FRQFHQWUDWLRQ RQPRGXOXV  $W ORZHU FRQFHQWUDWLRQV RI
7026 PRGXOXV LV VHHQ WR LQFUHDVH ZLWK LQFUHDVLQJ %763' DQG 9706 FRQFHQWUDWLRQ LQ
UHVSRQVHWRDJUHDWHUFKDQJHLQGHQVLW\RYHUWKHUDQJHRIVDPSOHV
7KH SRZHU ODZ UHODWLRQVKLS EHWZHHQ GHQVLW\ DQGPRGXOXV LV JUDSKHG LQ )LJXUH E   $
JUHDWHULQFUHDVHLQWKHH[SRQHQWFRPSDUHGWRWKHQDWLYHVLOLFDDHURJHOV7026RU7(26DORQH
ZDVQRWHGZKLFKLVVLPLODUWRWKDWUHSRUWHGIRUVW\UHQHUHLQIRUFHGDHURJHOVGHULYHGIURP7026
9706 DQG%706+  3RZHU ODZ UHODWLRQVKLSV EHWZHHQPRGXOXV DQG GHQVLW\ IRU QDWLYH VLOLFD
DHURJHODUHW\SLFDOO\UHSRUWHGZLWKDQH[SRQHQWRIWRGHSHQGLQJRIWKHV\QWKHVLVURXWHDQG
KDYHEHHQVKRZQWRGHSHQGSUHGRPLQDQWO\RQWKHFRQQHFWLYLW\EHWZHHQSDUWLFOHV7KHJUHDWHU
LQFUHDVHLQWKHH[SRQHQWIRUWKHDHURJHOVLVPRVWOLNHO\GXHWRPROHFXODUVWUXFWXUHYDULDWLRQVRI
70269706DQG%763'FDXVLQJGLIIHUHQFHV LQ WKHVNHOHWDOVWUXFWXUHV WKDWDUHREVHUYHGE\
6(0
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)LJXUH*UDSKRIDHPSLULFDOPRGHOIRUFRPSUHVVLYHPRGXOXVYV%763'DQG9706
FRQFHQWUDWLRQDQGESRZHUODZUHODWLRQVKLSEHWZHHQGHQVLW\DQGPRGXOXV5HSURGXFHGIURP
3XEOLFDWLRQZLWKWKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI&KHPLVWU\
$OORI WKHPRQROLWKV LQWKHVWXG\ZLWK%763'FRQFHQWUDWLRQRIDW OHDVWPROOH[KLELW ORZ
XQUHFRYHUHG VWUDLQ RU KLJK HODVWLF UHFRYHU\ 7KH VDPSOHPDGHXVLQJPRO7026 
PROO%763'DQGPROO9706UHFRYHUVPRVWFRPSOHWHO\HYHQDIWHUFRPSUHVVLQJ WR
VWUDLQ DV LOOXVWUDWHG LQ WKH VWUHVV VWUDLQ FXUYH LQ )LJXUH D  )LJXUH E VKRZV VDPSOH 
EHIRUHGXULQJDQGDIWHUFRPSUHVVLQJWKHVDPSOHZLWKILQJHUSUHVVXUH$VVHHQLQ)LJXUHF
VDPSOHUHFRYHUVRI WKHLURULJLQDO OHQJWKGXULQJ WKHILUVW WHQPLQXWHVDIWHUFRPSUHVVLRQ
DQGDIWHUWKLUW\PLQXWHV
)LJXUHGHPRQVWUDWHV WKDW%763'FRQFHQWUDWLRQ LV WKHPRVW LPSRUWDQW IDFWRU RQHODVWLF
UHFRYHU\  8QUHFRYHUHG VWUDLQ VLJQLILFDQWO\ GHFUHDVHV ZLWK LQFUHDVLQJ %763' FRQFHQWUDWLRQ
UHDFKLQJ D KLJKHVW UHFRYHU\ DW DERXW  PROO %763' GHSHQGLQJ RQ 7026
FRQFHQWUDWLRQ  ,QFUHDVLQJ 7026 FRQFHQWUDWLRQ VOLJKWO\ LQFUHDVHV XQUHFRYHUHG VWUDLQ ZKHQ
%763' FRQFHQWUDWLRQ LV ORZHU  6LQFH 9706 KDV D VLPLODU VWUXFWXUH WR 0706 WKUHH VLOR[\
ERQGLQJ VLWHV DQG DQ XQUHDFWLYH DOLSKDWLF JURXS LW LV H[SHFWHG WKDW LQFUHDVLQJ 9706
FRQFHQWUDWLRQ DOVR GHFUHDVHV XQUHFRYHUHG VWUDLQ LQFUHDVHV UHFRYHU\ DV 0706 GHULYHG
DHURJHO ZKHQ %763' FRQFHQWUDWLRQ LV ORZ  +RZHYHU VXUSULVLQJO\ LQFUHDVLQJ 9706
FRQFHQWUDWLRQ GRHV QRW LPSURYH HODVWLF UHFRYHU\ ZKHQ %763' LV DW D KLJKHU FRQFHQWUDWLRQ
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7KHUHIRUH ZH FDQ FRQFOXGH WKDW LQFOXGLQJ ELVDONR[\VLODQHV OLQNHG ZLWK RUJDQLF JURXSV LV D
PRUHHIIHFWLYHZD\WRLQWURGXFHHODVWLFUHFRYHU\WRWKHDHURJHOV
$W WKHRSWLPXP%763'FRQFHQWUDWLRQHODVWLFUHFRYHU\ LVJRRGXQUHFRYHUHGVWUDLQ LV ORZ
IRUDOO OHYHOVRI7026FRQFHQWUDWLRQ 7KLV LVDQ LPSRUWDQWILQGLQJVLQFHWKHUH LVD WUDGHRII LQ
VRPHSURSHUWLHVZKHQXVLQJ%763'HJH[WUHPHO\ORZ%(7VXUIDFHDUHDVZKLFKDUHDVWURQJ
SUHGLFWRUIRULQVXODWLRQTXDOLW\+RZHYHUJRRGUHFRYHU\LQIRUPXODWLRQVZLWKERWKKLJK7026
FRQFHQWUDWLRQDQGRSWLPXP%763'PHDQVWKDWLW LVSRVVLEOHWRPDNHVWURQJHUDHURJHOVZLWKD
FRPELQDWLRQ RI KLJKHU PRGXOXV JRRG UHFRYHU\ KLJK %(7 VXUIDFH DUHDV DQG JRRG
K\GURSKRELFLW\,QIDFWDVSUHGLFWHGE\WKHPRGHODFRPELQDWLRQRIPROO7026PROO
9706FRQFHQWUDWLRQDQGPROO%763'VKRXOGOHDGWRRSWLPL]HGDHURJHOVZLWKDGHQVLW\RI
JFPSRURVLW\RI<RXQJ¶VPRGXOXVRI03DDZDWHUFRQWDFWDQJOHRIRDQG
QHDUFRPSOHWHUHFRYHU\DIWHUFRPSUHVVLRQXQUHFRYHUHGVWUDLQ8VLQJWKLVFRPELQDWLRQ
RIVLODQHVDQDXWKHQWLFDHURJHOVDPSOHZDVV\QWKHVL]HGDQGPHDVXUHG WRKDYHGHQVLW\
JFP SRURVLW\ RI  <RXQJ¶V PRGXOXV RI  03D   XQUHFRYHUHG VWUDLQ DIWHU
FRPSUHVVLRQWRVWUDLQDQGZDWHUFRQWDFWDQJOHRIRDOODUHLQJRRGDJUHHPHQWZLWKWKH
PRGHOSUHGLFWLRQ
)LJXUHD6WUHVVVWUDLQFXUYHVRIVDPSOHIURP7DEOHFRPSUHVVHGWRVWUDLQWZLFH
6ROLGOLQHILUVWFRPSUHVVLRQGDVKHGOLQHVHFRQGFRPSUHVVLRQEVDPSOHFRPSUHVVHGE\
ILQJHUSUHVVXUHGHPRQVWUDWLQJIXOOUHFRYHU\DQGFUHFRYHU\DIWHUFRPSUHVVLRQRIVDPSOHYV
WLPH  5HSURGXFHG IURP 3XEOLFDWLRQ  ZLWK WKH SHUPLVVLRQ IURP 7KH 5R\DO 6RFLHW\ RI
&KHPLVWU\
NASA/CR—2014-218328 25
)LJXUH   *UDSK RI HPSLULFDO PRGHO IRU XQUHFRYHUHG VWUDLQ YV %763' DQG 9706
FRQFHQWUDWLRQ5HSURGXFHGIURP3XEOLFDWLRQZLWKWKHSHUPLVVLRQIURP7KH5R\DO6RFLHW\RI
&KHPLVWU\
 6\QWKHVLV&KDUDFWHUL]DWLRQDQG3URFHVVLQJRI/RZ'HQVLW\
)OH[LEOHDQG&URVVOLQNHG3RO\LPLGH$HURJHOV3XEOLFDWLRQV

:KLOHSRO\PHUUHLQIRUFHGVLOLFDEDVHGDHURJHOVH[KLELWDJUHDWLPSURYHPHQWLQVWUHQJWKRYHU
WKHLUQDWLYHVLOLFDFRXQWHUSDUWV IRUPDQ\DSSOLFDWLRQV LW LVGHVLUDEOH WRKDYHDPRUH IOH[LEOHRU
HODVWLFPDWHULDO )RUH[DPSOH LQVXODWLRQ IRUH[WUDYHKLFXODUDFWLYLW\ (9$VXLWVVKRXOGDOVREH
GXUDEOH DQG IOH[LEOH WR DFFRPPRGDWH DV PXFK IUHHGRP RI PRYHPHQW IRU WKH DVWURQDXW DV
SRVVLEOH$QRWKHUXVHIRUIOH[LEOHGXUDEOHDHURJHOVFRXOGEHDVSDUWRIDQLQIODWDEOHGHFHOHUDWRU
XVHGWRVORZVSDFHFUDIWIRUSODQHWDU\HQWU\GHVFHQWDQGODQGLQJ('/('/V\VWHPVXVHGWR
VXFFHVVIXOO\ ODQGVL[ URERWLFPLVVLRQVRQ0DUV IURP WRHPSOR\HGDKDUGDHURVKHOO
KHDWVKLHOGDQGSDUDFKXWHVRIP LQGLDPHWHU )XWXUHURERWLFDQGPDQQHGPLVVLRQVDUH
PXFK KHDYLHU DQGZLOO UHTXLUHPRUH GUDJ IRU ODQGLQJ  +HQFH QHZ GHVLJQVZLWKPXFK ODUJHU
GLDPHWHUVPZLOOEHUHTXLUHG,QIODWDEOHGHFHOHUDWRUVZRXOGVWRZLQDVPDOOVSDFHDQG
GHSOR\ LQWR D ODUJH DUHD OLJKWZHLJKW KHDW VKLHOG WR VXUYLYH UHHQWU\  0LQLPL]LQJ ZHLJKW DQG
WKLFNQHVVRIWKHV\VWHPDVZHOODVSURYLGLQJVXLWDEOHLQVXODWLRQDUHLPSRUWDQWFRQVLGHUDWLRQV
3UHYLRXVO\ UHSRUWHG OLQHDU SRO\LPLGH DHURJHOV SURGXFHG DW $VSHQ $HURJHO H[KLELWHG ODUJH
VKULQNDJH$VZHOOLQJSUREOHPZDVDOVRREVHUYHGZKHQVRPHFURVVOLQNHGDPLFDFLGVROJHOV
ZHUHLPLGL]HGDWKLJKWHPSHUDWXUH7RRYHUFRPHWKHVHGHIHFWVPXOWLIXQFWLRQDODPLQHPRLHWLHV
VXFK DV RFWDDPLQRSKHQ\OVLOVHVTXLR[DQH 2$36 RU WULDPLQRSKHQR[\EHQ]HQH 7$%
KDYH EHHQ HPSOR\HG WR EXLOG DPRUH VWDEOH ' QHWZRUN  2$36 LV D QDQRVFDOH SRO\KHGUDO
ROLJRPHULF VLOVHVTXLR[DQH FDJH VWUXFWXUH FRQVLVWLQJ RI D VLOLFRQ DQG R[\JHQ IUDPHZRUN ZLWK
HLJKWDPLQRSKHQ\OJURXSVDWWDFKHG6XFKSRO\KHGUDOROLJRPHULFVLOVHVTXLR[DQHFDJHVWUXFWXUHV
ZLWK YDULRXV UHDFWLYH JURXSV FDQ EH LQFRUSRUDWHG LQWR SRO\PHUV WR LPSURYH WKHUPDO DQG
PHFKDQLFDOSURSHUWLHVGLHOHFWULFSURSHUWLHVDWRPLFR[\JHQUHVLVWDQFHDQGDEUDVLRQUHVLVWDQFH
7$%ZLWKLWVWULIXQFWLRQDOUHDFWLYHVLWHVDOVRIRUPDQHWZRUNVWUXFWXUHWKDWFDQUHVXOWLQVWURQJ
\HWIOH[LEOHDHURJHOVWKDWILOPVFDQEHFDVWKDYLQJPDQ\SRWHQWLDODSSOLFDWLRQERWKIRUVSDFHDQG
LQGXVWULDOXVHV $QRWKHUVWXG\ LQZKLFKDQDGGLWLRQDURPDWLFGLLVRF\DQDWH¶PHWK\OHQHGL
LVRF\DQDWH0',LQFRPELQDWLRQZLWK7$%KDVDOVREHHQXVHGDVDFURVVOLQNHUWRIRUPD'
SRO\LPLGHSRO\XUHD 3,38 EORFN FRSRO\PHU DHURJHOV  'LIIHUHQW V\QWKHWLFPHWKRGV LQFOXGLQJ
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WKHUPDOLPLGL]DWLRQDWORZWHPSHUDWXUH&XVLQJGLD]RELF\FOR>@RFWDQHRU'$%&2
DV FDWDO\VW KDYH DOVR EHHQ H[DPLQHG  +RZHYHU FKHPLFDO LPLGL]DWLRQ XVLQJ RI ERWK DFHWLF
DQK\GULGHDQGS\ULGLQHDVFDWDO\VWVKDVVKRZQWREHWKHPRVWIHDVLEOHURXWHLQSURFHVVLQJ
&RPSDUHGWRSRO\PHUUHLQIRUFHGVLOLFDEDVHGDHURJHOV WKHVHQHZ W\SHVRIPDWHULDOVKDYH
ORZHU GHQVLW\ ORZHU VKULQNDJH KLJKHU PRGXOXV DQG FRPSDUDEOH WKHUPDO FRQGXFWLYLW\ 
P:P.IRUDHURJHOVZLWKGHQVLW\RIJFP WRVLOLFDDHURJHO 7KHVHIOH[LEOH WKLQDHURJHO
ILOPVDUHVWDEOHXSWRR&IRUDVKRUWWHUPH[SRVXUH
 2$36&URVVOLQNHG3RO\LPLGH$HURJHOV3XEOLFDWLRQVDQG
2$36 LV D QDQRVFDOH SRO\KHGUDO ROLJRPHULF VLOVHVTXLR[DQH FDJHVWUXFWXUH FRQVLVWLQJ RI D
VLOLFRQ DQG R[\JHQ IUDPHZRUN ZLWK HLJKW DPLQRSKHQ\O JURXSV DWWDFKHG  3RO\LPLGH
QDQRFRPSRVLWHV IDEULFDWHG IURP 2$36 VKRZ HQKDQFHPHQWV LQ WKHUPDO DQG PHFKDQLFDO
SURSHUWLHV,QWKLVVWXG\DVVKRZQLQ6FKHPH2$36LVXVHGWRIRUPDFURVVOLQNHGSRO\DPLF
DFLGE\ UHDFWLQJZLWK WKH WHUPLQDODQK\GULGHJURXSVRIROLJRPHUVPDGHIURPGLDQK\GULGHDQG
GLDPLQHVLQ1PHWK\OS\UROLGLQRQH103$YDULHW\RIGLDQK\GULGHVDQGGLDPLQHVFDQEHXVHG
)RU H[DPSOH WKH GLDQK\GULGH FDQ EH VHOHFWHG IURP WKH JURXS FRQVLVWLQJ RI EHQ]RSKHQRQH


WHWUDFDUER[\OLF GLDQK\GULGH ³%7'$´DQGELSKHQ\O

WHWUDFDUER[\OLFGLDQK\GULGH
³%3'$´  $OVR IRU H[DPSOH WKH GLDPLQH FDQ EH VHOHFWHG IURP WKH JURXS FRQVLVWLQJ RI 
R[\GLDQLOLQH ³2'$´ ¶R[\GLDQLOLQH ³¶2'$´ RU ³2'$´ SSKHQ\OHQH GLDPLQH
³33'$´¶GLPHWK\OEHQ]LGLQH³'0%=´DQGELVDQLOLQHS[\OLGHQH³%$;´7KHGLDQK\GULGH
DQGRU GLDPLQH FDQ EH VHOHFWHG EDVHG RQ EHLQJ FRPPHUFLDOO\ DYDLODEOH RU EHLQJ NQRZQ WR
LPSDUW GLIIHUHQW SURSHUWLHV WR SRO\LPLGHV LQ JHQHUDO  %3'$ 33'$ DQG'0%= DUH NQRZQ WR
SURGXFH D ULJLG EDFNERQH LQ SRO\LPLGH VWUXFWXUHVZKLOH2'$DQG%7'$KDYH IOH[LEOH OLQNLQJ
JURXSV EHWZHHQ SKHQ\O ULQJV UHVXOWLQJ LQ IOH[LEOH VWUXFWXUHV  %RWKPROGHG F\OLQGHUV DQG WKLQ
IOH[LEOHILOPVKDYHEHHQPDGH
$W\SLFDOSURFHGXUHLQPDNLQJWKHVHFURVVOLQNHGSRO\LPLGHDHURJHOLQYROYHVWKHUHDFWLRQRI
WKHWHUPLQDODQK\GULGHJURXSVIURPWKHSRO\DPLFDFLGROLJRPHUVZLWKWKHDPLQHVRI2$36DIWHU
ZKLFK DFHWLF DQK\GULGH WR VFDYHQJH ZDWHU ELSURGXFW RI FRQGHQVDWLRQ DQG S\ULGLQH WR
FDWDO\]H LPLGL]DWLRQ DUH DGGHG WR WKH VROXWLRQ  *HODWLRQ YDULHV ZLWK WKH GLIIHUHQW SRO\LPLGH
ROLJRPHUV  )LJXUH  VKRZV D 1$6$ ORJRPDGH ZLWK 2$36 FURVVOLQNHG SRO\LPLGH DHURJHO
XVLQJ%3'$DQG'0%=7KHFRORUDQGWUDQVSDUHQF\RIWKHSRO\LPLGHDHURJHOILOPVGHSHQGVRQ
WKHEDFNERQHVWUXFWXUHRIWKHSRO\LPLGHROLJRPHUV)RUH[DPSOH2$36FURVVOLQNHGSRO\LPLGH
DHURJHO ILOP LV RSDTXH \HOORZLVK LI XVLQJ %$; EXW WUDQVSDUHQW LI 2'$ '0%= \HOORZLVK RU
33'$GDUNRUDQJHLVXVHG
7KH ILQDO SURSHUWLHV VXFK DV GHQVLW\ SRURVLW\ VKULQNDJH VXUIDFH DUHD DQG <RXQJ¶V
PRGXOXVZHUHGHSHQGHQWRQWKHEDFNERQHFKHPLVWU\6WLIIQHVVDQGSODQDULW\RIEDFNERQHDQG
LQWHUDFWLRQZLWK VROYHQW GXULQJ JHODWLRQ OHDGV WR GLIIHUHQW DPRXQWV RI VKULQNDJH DQG WKHUHIRUH
GHQVLW\)RUWKHVDPHGLDQK\GULGHDQGGLDPLQHFRPELQDWLRQQXPEHURIUHSHDWXQLWQGRHVQRW
DIIHFWWKHGHQVLW\DQGSRURVLW\,QDOODHURJHOVPDGHIURPZWWRWDOSUHFXUVRUVROXWLRQVDQG
XVLQJ%3'$DVGLDQK\GULGH WKHGHQVLW\RI WKHDHURJHOVDPSOHVUDQJHIURPJFP WR
JFP  3RURVLW\ RI SRO\LPLGH DHURJHOV UDQJHV IURP  WR   6XUIDFH DUHD UDQJHV IURP
aPJWRaPJ33'$SRO\LPLGHDHURJHOKDVWKHKLJKHVWGHQVLW\ORZHVWSRURVLW\DQG
KLJKHVWVKULQNDJH'0%=SRO\LPLGHDHURJHOVWLIIQRQFRSODQHEDFNERQHKDVWKHORZHVW
GHQVLW\KLJKHVWSRURVLW\ORZHVWVKULQNDJHDQGWKHKLJKHVWVXUIDFHDUHDPJ
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)LJXUH$2$36FURVVOLQNHGSRO\LPLGHDHURJHOVDPSOHPDGHZLWK%3'$DQG'0%=
6FKHPH7KHV\QWKHVLVRIWKH2$36FURVVOLQNHGSRO\LPLGHDHURJHOQHWZRUNZKHUHQLVWKH
UHSHDWLQJXQLW5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQVDQG&RS\ULJKWVDQG
$PHULFDQ&KHPLFDO6RFLHW\UHVSHFWLYHO\
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7KHSRO\LPLGHDHURJHOVKDYHPRGXOXVDVKLJKDVRUKLJKHUWKDQSUHYLRXVO\UHSRUWHGSRO\PHU
UHLQIRUFHGVLOLFDDHURJHOV$WQ SRO\LPLGHDHURJHOPDGHZLWK33'$VWLIISODQDUEDFNERQH
KDV WKH KLJKHVW \RXQJ¶VPRGXOXV DERXW 0SD DQG %$; SRO\LPLGH DHURJHO KDV WKH ORZHVW
\RXQJ¶VPRGXOXV*HQHUDOO\LQDHURJHOVWKHPRGXOXVLQFUHDVHVDVGHQVLW\LQFUHDVHV$HURJHOV
PDGH XVLQJ 33'$ IROORZ WKLV VDPH WUHQG ZLWK PRGXOXV DQG GHQVLW\ ERWK LQFUHDVLQJ ZLWK
LQFUHDVLQJ 33'$ FRQWHQW  6XUSULVLQJO\ <RXQJ¶V PRGXOXV RI DHURJHOV PDGH XVLQJ '0%=
LQFUHDVHV VOLJKWO\ ZLWK LQFUHDVLQJ '0%= FRQWHQW ZKLOH WKH GHQVLW\ DV SUHYLRXVO\ PHQWLRQHG
DFWXDOO\GHFUHDVHVVOLJKWO\,WLVSRVVLEOHWRIDEULFDWHDSRO\LPLGHDHURJHOZLWKERWKORZGHQVLW\
DQGKLJKPRGXOXVE\LQFUHDVLQJWKHUDWLRRI'0%=LQWKHDHURJHOVWUXFWXUH
6(0LPDJHVRI WKHVHOHFWHGSRO\LPLGHDHURJHO IRUPXODWLRQVPDGH LQPROGHGF\OLQGHUIRUP
DUHVKRZQLQ)LJXUHDG8QOLNHVLOLFDDHURJHOVWKHSRO\LPLGHDHURJHOVFRQVLVWRIDWKUHH
GLPHQVLRQDOQHWZRUNRISRO\LPLGHQDQRILEHUVWDQJOHGWRJHWKHUZLWKILEHUGLDPHWHUVUDQJLQJIURP
QPWRQP7KHQDQRILEHUVWUXFWXUHSRVVLEO\IRUPVGXULQJSRO\PHUL]DWLRQDQGVXEVHTXHQW
JHODWLRQZLWK LQIOXHQFH IURP VROYHQW LQWHUDFWLRQ 3RO\LPLGH DHURJHOPDGHXVLQJ33'$DV WKH
GLDPLQH KDV GHQVHO\ SDFNHG VWUDQGV )LJXUH E ZKLFK PD\ EH GXH WR WKH JUHDWHU FKDLQ
ULJLGLW\KLJKSODQDULW\DQGVKRUWHUFKDLQOHQJWKEHWZHHQFURVVOLQNVRIWKHSRO\LPLGHROLJRPHUV
OHDGLQJ WR JUHDWHU VKULQNDJH GXULQJ SURFHVVLQJ ZKLOH SRO\LPLGH DHURJHOV PDGH XVLQJ %$;
)LJXUHD2'$)LJXUHFDQG'0%=)LJXUHGKDYHPRUHRSHQSRURVLW\DURXQGWKH
ILEHUVWUDQGV
)LJXUH6(0LPDJHVRISRO\LPLGHDHURJHOVIURPD%$;E33'$F2'$DQGG'0%=
5HSULQWHGZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQV  DQG   &RS\ULJKWV  DQG $PHULFDQ
&KHPLFDO6RFLHW\UHVSHFWLYHO\
:LWKRQVHWWHPSHUDWXUHRIGHFRPSRVLWLRQ7GRIR&R&WKHDHURJHOVDUHTXLWHVWDEOH
ORVLQJRQO\ZHLJKWRQDJLQJIRUKRXUVDWDQGR&VXJJHVWLQJVKRUWWHUPXVHDW
WKHVHWHPSHUDWXUHVLVSRVVLEOH3RO\LPLGHDHURJHOPDGHZLWK%$;IOH[LEOHEDFNERQHKDVWKH
ORZHVW7GDQG ORVHV WKHPRVWZHLJKWDIWHUKHDWWUHDWPHQWDWR& 33'$SRO\LPLGHDHURJHO
KDVWKHKLJKHVW7GDQGWKHOHDVWZHLJKWORVVDIWHUKHDWWUHDWPHQWDWR&$OOKDYHKLJKFKDU
\LHOG DQG 7G DERYH  R& DW KLJK KHDWLQJ UDWH  $V VHHQ )LJXUH  6(0 LPDJHV RI2$36
D E
F G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FURVVOLQNHGSRO\LPLGHDHURJHOPDGHZLWK%3'$DQG%$;DIWHUKHDWLQJDWR&DQGR&
VKRZ OLWWOHFKDQJH $IWHUKRXUVDWR&KRZHYHUZHLJKW ORVV LVDQGDVVKRZQ LQ
)LJXUHGWKHPHVRSRURXVVWUXFWXUHKDVFROODSVHG
$V VHHQ LQ)LJXUH DW URRP WHPSHUDWXUH WKHSRO\LPLGHDHURJHOVPDGHZLWK%$; 
P:P.  WRUU DQG2'$ P:P.  WRUU KDYH WKHUPDO FRQGXFWLYLW\ VLPLODU WR VLOLFD
DHURJHOV RI WKH VDPH GHQVLW\  7KH WKHUPDO FRQGXFWLYLWLHV DOVR LQFUHDVH ZLWK LQFUHDVLQJ
WHPSHUDWXUH DV H[SHFWHG DQG GURS DW YDFXXP ZKLFK DUH DOVR VLPLODU WR WKDW RI WKH VLOLFD
DHURJHOV  7KH WKHUPDO FRQGXFWLYLW\ RI SRO\LPLGH DHURJHO ZLWK %$; GURSV WR P:P. DW
WRUUDQGGURSVWRP:PNDW[WRUUXVLQJ2'$%HFDXVHUHGXFLQJWKHSUHVVXUH
OHQJWKHQVWKHPHDQIUHHSDWKRIWKHJDVUHODWLYHWRWKHPHDQSRUHGLDPHWHUWKHUPDOGLIIXVLYLW\
GURSVDQGWKXVVRGRHVWKHWKHUPDOFRQGXFWLYLW\
)LJXUH   6(0 LPDJHV RI WKH 2$36 FURVVOLQNHG SRO\LPLGH DHURJHO Q    DW D URRP
WHPSHUDWXUHDQGDIWHUKHDWLQJIRUKRXUVLQQLWURJHQDWER&FR&DQGGR&
7KHVFDOHEDUVLQWKHPLFURJUDSKVDUHDOOP5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ
 &RS\ULJKWV$PHULFDQ&KHPLFDO6RFLHW\
7ZRRUPRUHGLDQK\GULGHVDQGRUGLDPLQHVFRPELQDWLRQFDQDOVREHXVHGWRWDLORUSURSHUWLHV
RIWKHUHVXOWLQJFURVVOLQNHGSRO\LPLGHDHURJHOV)RUH[DPSOHDGLDPLQHOLNH33'$RU'0%=
KDYLQJ D ULJLG SRO\LPLGH EDFNERQH FDQ EH FRPELQHG ZLWK D GLDPLQH VXFK DV 2'$ KDYLQJ
IOH[LEOHOLQNLQJJURXSVEHWZHHQSKHQ\OULQJV$VVHHQLQ7DEOH33'$RU'0%=DQG2'$FDQ
EHXVHG LQFRPELQDWLRQZLWK WKHPROHSHUFHQWRI33'$RU'0%=YDULHG IURPPROWR
PRORIWKHWRWDOGLDPLQHDQG2'$IURPPROWRPRO
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)LJXUH7KHUPDOFRQGXFWLYLWLHVRI2$36FURVVOLQNHGSRO\LPLGHDHURJHOVPDGHZLWK%$;DQG
2'$ 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKWV  $PHULFDQ &KHPLFDO
6RFLHW\
/DUJH6FDOH)DEULFDWLRQ,QFROODERUDWLRQZLWKWKH8QLYHUVLW\RI$NURQKLJKO\IOH[LEOHWKLQ
SRO\LPLGHDHURJHO ILOPVKDYHEHHQ IDEULFDWHGRQD ODUJHVFDOH IWZLGHDQGXS WR IW ORQJ
YHUVXV WKH ODE VFDOH RI ´[´  3K\VLFDO WKHUPDO DQG PHFKDQLFDO SURSHUWLHV DV ZHOO DV
PRUSKRORJ\RIDHURJHOPRQROLWKVDQGDHURJHOILOPVKDYHEHHQDQDO\]HG)LJXUHVKRZVWKH
FDVWLQJRIWKHSRO\LPLGHDHURJHOILOPZLWKDFDVWLQJVSHHGRIFPPLQDQGD´ZLGH'U%ODGH
ZLWK D JDS RI PP  7KH GU\ ILOPV KDYH D WKLFNQHVV RI QRPLQDOO\  WR PP  7KH
SURSHUWLHVRIWKHSRO\LPLGHDHURJHOILOPVPDGHZLWKFRPELQDWLRQRI'0%=DQG2'$DUHOLVWHGLQ
7DEOH )LJXUHVKRZVD6(0 LPDJHRID FURVVVHFWLRQRIDSRO\LPLGHDHURJHO ILOPPDGH
XVLQJDPROPL[WXUHRI'0%=DQG2'$7KHVXUIDFHRIWKHILOPDSSHDUVGHQVHUZKLFK
PD\GXHWRWKHVROYHQWHYDSRUDWLRQLQWKHFDVWLQJSURFHVVEXWWKHLQWHULRURIWKHILOPKDVDILEHU
OLNHVWUXFWXUHVLPLODUWRWKHWKLFNHUF\OLQGULFDOVDPSOHV
)LOPVIURPDOO IRUPXODWLRQVZHUHVRDNHG LQZDWHUIRUKRXUVDQG ODWHUGULHG LQDLU WR WHVW
PRLVWXUHUHVLVWDQFH$HURJHOVPDGHZLWK%3'$DQGDWOHDVWPRO'0%=RUPRO%$;
ZHUHZDWHUUHVLVWDQW$VVKRZQLQ)LJXUHPRO'0%=DHURJHOUHPDLQHGIORDWLQJRQWKH
VXUIDFHRIWKHZDWHUEXWDVDPSOHPDGHXVLQJPRO2'$DEVRUEHGZDWHULQWRWKHSRUHV
DQG VDQN WR WKH ERWWRPDIWHU D VKRUW WLPH  7KRVH DHURJHOVZKLFK DEVRUEHGZDWHU WHQGHG WR
VKULYHORQDLUGU\LQJ7KHDHURJHOVPDGHZLWKDWOHDVWPRO'0%=ZHUHXQFKDQJHGGU\LQJ
LQDLU :DWHUFRQWDFWDQJOHPHDVXUHPHQWVRIWKHVHSRO\LPLGHDHURJHOILOPVPDGHZLWK
PRO'0%=UDQJHIURPRWRR)LOPVIDEULFDWHGZLWKPRO'0%=DUHWKHPRVWEULWWOH
DPRQJDOOWKHILOPVZKLOHIRUPXODWLRQVPDGHXVLQJDWOHDVWPRO2'$DUHTXLWHIOH[LEOH7KH
WKLQSRO\LPLGHDHURJHO ILOPPDGHXVLQJPRO'0%= )LJXUHPDLQWDLQV WKH IOH[LELOLW\ WR
EHQGEDFNQHDUO\RZLWKRXWFUDFNLQJRUIODNLQJDIWHUEHLQJVRDNHGLQZDWHUDQGGULHGLQDLU
7HVWWHPSHUDWXUHR&
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7DEOH 3URFHVVYDULDEOHVDQGSURSHUWLHVRISRO\LPLGHDHURJHOVSUHSDUHGLQWKHVWXG\ 1RWH
WKDW 2'$ IUDFWLRQ LV  PRO ± ULJLG GLDPLQH PRO 5HSULQWHG ZLWK SHUPLVVLRQ IURP
3XEOLFDWLRQ&RS\ULJKWV$PHULFDQ&KHPLFDO6RFLHW\
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 33'$        
 33'$        
 33'$        
 33'$        
 33'$        
 '0%=        
 '0%=        
 '0%=        
 '0%=        
 '0%=        
 33'$     
 33'$     
 33'$        
 '0%=     
 '0%=        
 '0%=        
D    E
)LJXUHD$SRO\LPLGHJHOILOPFDVWZLWKD´ZLGH'U%ODGHDQGDJDSRIPPDQGE
GU\SRO\LPLGHDHURJHOILOP
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)LJXUH6(0LPDJHVRIFURVVVHFWLRQRIWKHDHURJHOILOPPDGHZLWKPRO'0%=DQG
PRO2'$5HSULQWHGZLWKSHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKWV$PHULFDQ&KHPLFDO
6RFLHW\
)LJXUH3RO\LPLGHDHURJHOWKLQILOPVPDGHXVLQJ2'$OHIWDQGPRO'0%=
PRO2'$ULJKWVKRZQLQZDWHUWRSDQGDIWHUDLUGU\LQJERWWRP5HSULQWHGZLWKSHUPLVVLRQ
IURP3XEOLFDWLRQ&RS\ULJKWV$PHULFDQ&KHPLFDO6RFLHW\
 7$%&URVVOLQNHG3RO\LPLGH$HURJHOV3XEOLFDWLRQ
,QVWHDGRIXVLQJ2$36WULDPLQRSKHQR[\EHQ]HQH7$%ZDVXVHGDVDQDOWHUQDWLYH
DSSURDFK WR FURVVOLQN DQK\GULGH FDSSHG SRO\DPLF DFLG ROLJRPHUV LQ 103  7KH SRO\LPLGH
DHURJHOV ZHUH DOVR IDEULFDWHG WKURXJK FKHPLFDO LPLGL]DWLRQ DQG VXSHUFULWLFDO GU\LQJ  7KLV
SURGXFHVDWKUHHGLPHQVLRQDOFRYDOHQWO\ERQGHGQHWZRUNVWUXFWXUHDFFRUGLQJWR6FKHPH,Q
WKLV VWXG\ WKH SRO\LPLGH DHURJHOV KDYH GHQVLWLHV UDQJH IURP  JFP WR  JFP DQG
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VXUIDFHDUHDVDVKLJKDVPJ3URSHUWLHVRIWKHDHURJHOVIURPFRPELQDWLRQRI%3'$DQG
33'$RU'0%=ZHUHH[DPLQHG
)LJXUHVKRZVDSLFWXUHVRIW\SLFDO7$%FURVVOLQNHGSRO\LPLGHDHURJHOV7KH7$%FURVV
OLQNHGSRO\LPLGHDHURJHOVDUH OLJKW\HOORZWRRUDQJH\HOORZ LQDSSHDUDQFH 7KLQDHURJHO ILOPV
QRPLQDOO\  PP XVLQJ %3'$ DQG 2'$ DUH IOH[LEOH ZKHUHDV WKLFNHU SDUWV VXFK DV WKH
UHFWDQJXODUSULVPVHHQLQ)LJXUHDUHULJLGDQGPHFKDQLFDOO\VWURQJDERXWWLPHVVWURQJHU
WKDQWKHFRQYHQWLRQDOVLOLFDDHURJHO7KH7$%FURVVOLQNHGSRO\LPLGHVROVROXWLRQLVPXFKPRUH
YLVFRXVDQGJHOV IDVWHU WKDQWKH2$36FURVVOLQNHGSRO\LPLGHVROVROXWLRQ  ,QRUGHU WRPDNH
WKHILOPFDVWLQJIHDVLEOHKLJKHUQYDOXHRUGLOXWLQJWKHVROFRQFHQWUDWLRQLVQHHGHG7$%FURVV
OLQNHGSRO\LPLGHDHURJHOILOPPDGHZLWK2'$DVVKRZQLQ)LJXUHZDVFDVWZLWKDUHSHDWXQLW
Q LQVWHDGRIQ 
&RPSDUHG WR2$36FURVVOLQNHGSRO\LPLGHDHURJHOV7$%FURVVOLQNHGSRO\LPLGHDHURJHOV
H[KLELWVVOLJKWO\KLJKHUVKULQNDJHVKLJKHUGHQVLWLHVDQGORZHUSRURVLWLHV+RZHYHUWUHQGVGXH
WRGLDPLQHDUHWKHVDPHZKHWKHU2$36RU7$%LVWKHFURVVOLQNHU7KHKLJKHVWVXUIDFHDUHDRI
WKHSRO\LPLGHDHURJHOLVIURP'0%=DQGWKHORZHVWIURP2'$7KHPRVWVKULQNDJHH[KLELWHGLQ
DHURJHOVPDGHXVLQJ33'$DQGWKHOHDVWVKULQNDJHZLWK'0%=6LQFHVKULQNDJHRFFXUVPRVWO\
GXULQJJHODWLRQ WKLVGLIIHUHQFH LVPRVW OLNHO\ FDXVHGE\DFRPELQDWLRQRIVROYHQW LQWHUDFWLRQV
FKDLQ ULJLGLW\ DQG FKDLQ SDFNLQJ $V 2$36 FURVVOLQNHG DHURJHOV WKH 7G YDULHV ZLWK WKH
GLDPLQHXVHGZLWK WKHKLJKHVW7GVHHQIRU WKHIRUPXODWLRQVPDGHXVLQJ33'$ )RUPXODWLRQV
PDGHXVLQJ'0%=KDYHWKHORZHVW7GGXHWRWKHORVVRIWKHSHQGDQWPHWK\OJURXSV 6LPLODUWR
2$36FURVVOLQNHGSRO\LPLGHDHURJHOV7$%FURVVOLQNHGSRO\LPLGHDHURJHOVPDGHXVLQJ33'$
DVGLDPLQHH[KLELWKLJKHUPRGXOXV WKDQ WKRVHPDGHZLWK'0%=  7KH ILOP WHQVLOHPRGXOXV LV
FRPSDUDEOH WR WKDW SUHYLRXVO\ UHSRUWHG IRU WKH VDPH IRUPXODWLRQV RI 2$36 FURVVOLQNHG
DHURJHOV+RZHYHUWKH7$%DHURJHOVLQJHQHUDOKDYHDKLJKHUVWUHVVDWEUHDNWKDQWKH2$36
FURVVOLQNHGDHURJHOV$OVRWKH7$%FURVVOLQNHGSRO\LPLGHDHURJHOPDGHZLWKDWOHDVWPRO
'0%= IORDWV LQ ZDWHU DQG GRHV QRW VKULYHO GU\LQJ LQ DLU ZKLOH WKH SRO\LPLGH DHURJHOV XVLQJ
GLDPLQH33'$RUPRUHWKDQPRO2'$WHQGWRVKULYHOLQDLUDIWHUVRDNLQJLQZDWHU$OORIWKH
SRO\LPLGHDHURJHOVDUHSRVVLEOHFDQGLGDWHVIRUKLJKWHPSHUDWXUHLQVXODWLRQZLWK7GIURPWR
R&
)LJXUH3RO\LPLGHDHURJHOVFURVVOLQNHGZLWK7$%VKRZQIDEULFDWHGDVIOH[LEOHWKLQILOPVRU
PROGHG WR D QHW VKDSH  5HSULQWHG ZLWK SHUPLVVLRQ IURP 3XEOLFDWLRQ   &RS\ULJKWV 
$PHULFDQ&KHPLFDO6RFLHW\
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6FKHPH*HQHUDOV\QWKHVLVURXWHIRUSRO\LPLGHDHURJHOVFURVVOLQNHGZLWK7$%5HSULQWHG
ZLWKSHUPLVVLRQIURP3XEOLFDWLRQ&RS\ULJKWV$PHULFDQ&KHPLFDO6RFLHW\
$V VHHQ LQ )LJXUH ZLWK D VDPH UHSHDW XQLW Q  WKH 7$% FURVVOLQNHG SRO\LPLGH
DHURJHOV KDYH PRUH GHQVHO\ SDFNHG PHVRVWUXFWXUHV WKDQ WKH 2$36 FURVVOLQNHG SRO\LPLGH
DHURJHOV7KH7$%FURVVOLQNHGSRO\LPLGHDHURJHOPDGHZLWK'0%=)LJXUHGVKRZVODUJHU
SRUHVL]HWKDQRWKHUVDPSOHVZLWKQ )LJXUHEDQG)LJXUHH)RUWKHVDPSOHVXVLQJ
2'$DVGLDPLQHLQFUHDVLQJQIURP)LJXUHEWR)LJXUHFWKHSRURVLW\DURXQGWKH
SRO\LPLGHILEHUVWUDQGVLQFUHDVHV
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)LJXUH7KH6(0LPDJHVRI7$%FURVVOLQNHGSRO\LPLGHDHURJHOPDGHZLWKD33'$
Q E2'$Q F2'$Q G'0%=Q DQGHPRO'0%=PRO
2'$Q 
 $SSOLFDWLRQVRI3RO\LPLGH$HURJHOV3XEOLFDWLRQVDQG
 3RO\LPLGH$HURJHO)LOPVDV,QQHU7KHUPDO,QVXODWLRQIRU('/6\VWHP
3XEOLFDWLRQ
6PDOOSD\ORDGVKDYHEHHQKDQGHGRQ0DUVE\DHURG\QDPLFGHFHOHUDWRUVLQWKHIRUPRIKDUG
DHURVKHOOV  %XW IRU ODUJHU DHURVKHOO GLDPHWHU DQ LQIODWDEOH DHURG\QDPLF GHFHOHUDWRU QRW
FRQVWUDLQHGE\WKHVKURXGZDVVXJJHVWHG,QRUGHUWRVXUYLYHWKHKHDWRIUHHQWU\WKHLQIODWDEOH
GHFHOHUDWRU UHTXHVWV D IOH[LEOH WKHUPDO SURWHFWLRQ V\VWHP 736 WKDW FDQ HQGXUH ULJRURXV
KDQGOLQJ KLJK GHQVLW\ SDFNLQJ GHSOR\PHQW DQG DHURG\QDPLF ORDGV  &RPSRVLWH DHURJHO
EODQNHWV3\URJHODQG3\URJHOGHYHORSHGE\$VSHQ$HURJHOVDUHFRQVLGHUHG WKH
EDVHOLQHLQVXODWLRQIRUWKH736+RZHYHUWKHPDWUL[XVHGLQWKHVHEODQNHWVLVIUDJLOHDQGWHQGV
WR VKHG VLOLFD DHURJHO SDUWLFOHV ZKLFK FDXVH WURXEOH WR KDQGOH DQG UHGXFH WKH LQVXODWLRQ
SURSHUWLHV3RO\LPLGHDHURJHOILOPVKDYHSRWHQWLDOXVDJHIRUWKHLQQHUWKHUPDOLQVXODWLRQIRU('/
V\VWHPDVDUHSODFHPHQW IRU WKHFRPSRVLWHEODQNHWV IRU WKH\GRQRWVKHGSDUWLFOHVDQGKDYH
WKHUPDOFRQGXFWLYLW\FRPSDUDEOHRUORZHUWKDQWKHEODQNHWV
/DVHU +DUGHQHG0DWHULDOV ([SHULPHQWDO /DE /+0(/ DQG ¶ KLJK WHPSHUDWXUH WXQQHO ¶
+77WHVWVZHUHSHUIRUPHGRQ2$36FURVVOLQNHGSRO\LPLGHDHURJHOILOPOD\XSV7KHSRO\LPLGH
DHURJHOVDUHIDYRUDEO\WKHUPDOO\FRPSDUDEOHZLWK3\URJHORU3\URJHOVLOLFDDHURJHO
EODQNHWV7KHUPRJUDYLPHWULFDQDO\VLV7*$UHVXOWVVKRZWKDW3\URJHOEHJLQVWRRXWJDVDW
& ZKLOH WKH SRO\LPLGH DHURJHOV KDYH 7G DERXW R& WR R&  $V ZHOO WKH SRO\LPLGH
DHURJHOILOPVDUHHDVLHUWRKDQGOHZLWKRXWEUHDNLQJGRZQRUVKHGGLQJGXVWSDUWLFOHV
7RVLPXODWHKHDWORDGVIRUSODQHWDU\UHHQWU\OD\HUVRISRO\LPLGHDHURJHOILOPVPDGHZLWK
%$;PPZHUHODLGXSDIWHUWZROD\HUVRIPLO1H[WHO%)IROORZHGE\WZRPLO
.DSWRQILOPVLQ/+0(/WHVWLQJ7KHUPRFRXSOHVZHUHSODFHGRQVXUIDFHRQWRSRIILUVWDQGVL[WK
F
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
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OD\HURILQVXODWLRQDQGXQGHUWKHODVWOD\HU3RO\LPLGHDHURJHOILOPVZHUHDEOHWRVXUYLYHDODVHU
KHDW IOX[ ORDGRI:FPDW WRUU IRUVHFRQGVZKLOHPDLQWDLQLQJD &GLIIHUHQFH LQ
WHPSHUDWXUH PHDVXUHG E\ WKHUPRFRXSOHV RQ WKH WRS DQG XQGHU WKH ERWWRPPRVW LQVXODWLRQ
OD\HUV$IWHUWKHWHVWERWWRPSRO\LPLGHDHURJHOILOPOD\HUZDVRQO\GDUNHQHGZLWKQRKROHDQG
QRFUDFNV7KHDGYDQFHGLQVXODWRUOD\XSVXWLOL]LQJ2$36FURVVOLQNHGSRO\LPLGHDHURJHOILOPV
KDYHVKRZQJUHDWSURPLVHWRUHSODFHWUDGLWLRQDO3\URJHOLQVXODWRUPDWHULDOV. 
 3RO\LPLGH$HURJHOVDVD6XEVWUDWHIRU/LJKWZHLJKW$QWHQQDV3XEOLFDWLRQ
,QDGGLWLRQWR ORZGHQVLW\DQGORZWKHUPDOFRQGXFWLYLW\SRO\LPLGHDHURJHOVKDYHDOVREHHQ
XVHG IRU WKHLU GLHOHFWULF SURSHUWLHV  $PRQJ DOO WKH FURVVOLQNHG SRO\LPLGHV ZLWK GLIIHUHQW
EDFNERQHVDIRUPXODWLRQFRQVLVWLQJRI'0%=%3'$DQG7$%ZDVVHOHFWHGDVDVXEVWUDWHIRU
OLJKWZHLJKWDQWHQQDVGXHWRLWVORZGHQVLW\ORZVKULQNDJHDQGJRRGPHFKDQLFDOSURSHUWLHVDV
ZHOO DV LWV PLQLPXP GLHOHFWULF FRQVWDQW  7KLV SRO\LPLGH DHURJHO KDV EHHQ IDEULFDWHG IRU
SURWRW\SH EURDGEDQG SODQDU SDWFK DQWHQQDV DQG EHQFKPDUNHG DJDLQVW VWDWH RI SUDFWLFH
FRPPHUFLDO DQWHQQD VXEVWUDWHV LQFOXGLQJ 5RJHUV 'XURLG  DQG 5RJHUV 'XURLG 
5HVXOWVREWDLQHGGHPRQVWUDWHGWKDWWKHVHOHFWHGVDPSOHKDVDEURDGHUEDQGZLGWKKLJKHUJDLQ
DQGORZHUPDVVWKDQWKHPHQWLRQHGVXEVWUDWHVFXUUHQWO\XVHG,OOXVWUDWHGLQ)LJXUHDUHSDWFK
DQWHQQDVZLWKGLIIHUHQWVXEVWUDWHV
DE F
)LJXUH   3KRWRV RI SDWFK DQWHQQDV RQ D SRO\LPLGH DHURJHO VXEVWUDWH E5RJHUV'XURLG
DQGF5RJHUV'XURLG 5HSULQWHGZLWKSHUPLVVLRQ IURP3XEOLFDWLRQ &RS\ULJKW
$PHULFDQ&KHPLFDO6RFLHW\
 6\QWKHVLV&KDUDFWHUL]DWLRQDQG3URFHVVLQJRI
$OXPLQRVLOLFDWH2SDFLILHG$OXPLQRVLOLFDWH$HURJHOVDQG
7KHLU&RPSRVLWHV3XEOLFDWLRQV
$OWKRXJKSRO\LPLGHDHURJHOVDQGSRO\PHUUHLQIRUFHGVLOLFDEDVHGDHURJHOVDUHVWURQJHUWKDQ
WKH QDWLYH VLOLFD DHURJHOV WKHLU PD[LPXP RSHUDWLQJ WHPSHUDWXUHV DUH QRW VXLWDEOH IRU
DSSOLFDWLRQV DERYH R&  $OXQLPRVLOLFDWH DHURJHOV GHQVLI\ DQG VLQWHU DW KLJKHU WHPSHUDWXUH
WKDQVLOLFDDHURJHOVDQGWKHUHIRUHRIIHUSRWHQWLDODSSOLFDWLRQDVWKHUPDOLQVXODWLRQDERYHR&
7KHREMHFWLYHRIWKLVZRUNLVWRXQGHUVWDQGKRZDOXPLQDVLOLFDUDWLRVV\QWKHVLVSDUDPHWHUVDQG
RSDFLILHU DGGLWLRQ DIIHFW DOXPLQRVLOLFDWH DHURJHO VWUXFWXUHV DQG WKHUPDO SURSHUWLHV LQFOXGLQJ
GHQVLILFDWLRQDQGVLQWHULQJ
7KHDOXPLQXPVRXUFHIRUSUHSDUDWLRQRIDOXPLQRVLOLFDWHDHURJHOFDQEHDOXPLQXPDONR[LGHV
DOXPLQXP VDOWV LQFOXGLQJ $O&O SOXV SURS\OHQH R[LGH 32 DV D JHOOLQJ DJHQW DQG FROORLGDO
GLVSHUVLRQVRIDOXPLQXPK\GUR[LGHVVXFKDV%RHKPLWH2XUVDPSOHVRIDOXPLQRVLOLFDWHDHURJHO
ZHUH V\QWKHVL]HG XVLQJ %RHKPLWH SUHFXUVRUV DV WKH$O VRXUFH DQG7(26 DV WKH6L VRXUFH
7KHDGYDQWDJHRIXVLQJWKLVDSSURDFKLVWRDYRLGXVLQJSURS\OHQHR[LGHDYHU\WR[LFFKHPLFDO
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FRPSRXQG XVHG LQ WKH JHQHUDO $O&O URXWH ZLWK D K\GURO\VLV UDWH VORZHU WKDQ DOXPLQLXP
RUJDQLFV  7KH DOXPLQRVLOLFDWH DHURJHOV SURGXFHG IURP %RHKPLWH DUH GLIIHUHQW IURP WKRVH
SURGXFHG XVLQJ $O&O DQG SURS\OHQH R[LGH  7KH %RHKPLWHGHULYHG DOXPLQRVLOLFDWH DHURJHOV
KDYH$O26LJURXSVIRUPHGRQWKH%RHKPLWHFU\VWDOOLWHVXUIDFH IURPZKLFKZHFDQFRQFOXGH
WKDWWKHEDFNERQHRIWKHDHURJHOLVSURGXFHGE\DVHOIDVVHPEO\RI%RHKPLWHFU\VWDOOLWHV7KH\
DOVRKDYHIHZHU WHWUDKHGUDO$O2JURXSVWKDQDUHREWDLQHGE\WKH$O&O URXWH 7KH%RHKPLWH
SRZGHUVXVHGLQWKHVWXG\ZHUH33:/7DQG;DPRQJZKLFK3:KDVWKHVPDOOHVW
SDUWLFOHVL]HDVVHHQLQ7DEOH
7DEOH &U\VWDOORJUDSKLFFKDUDFWHULVWLFVRI%RHKPLWHSUHFXUVRUV :LWKNLQGSHUPLVVLRQIURP
6SULQJHU 6FLHQFH-RXUQDO RI 6RO*HO 6FLHQFH DQG 7HFKQRORJ\ ³,QIOXHQFH RI 7L $GGLWLRQ RQ
%RHKPLWH'HULYHG$OXPLQXPVLOLFDWH$HURJHOV6WUXFWXUHDQG3URSHUWLHV´  ) ,
+XUZLW] +*XR5 %5RJHUV ( - 6KHHWV'50LOOHU .11HZOLQ0 . 6KDYH $5
3DOF]HUDQG07&R[7DEOH
7 JHOV DUH YHU\ VRIW DQG HDVLO\ EURNHQ  6XUIDFH DUHD )LJXUH  SRUH VWUXFWXUH
VKULQNDJH DQG GHQVLW\ DUH VWURQJO\ LQIOXHQFHG E\ ZKDW %RHKPLWH SUHFXUVRU SRZGHU LV XVHG
'HQVLWLHVRIWKHDOXPLQRVLOLFDWHDHURJHOVDUHQRUPDOO\JFP/RZHVWGHQVLW\KLJKHVW
VXUIDFHDUHDDQGORZHVWVKULQNDJHDUHDFKLHYHGXVLQJWKHVPDOOHVWSDUWLFOHVL]H3:SRZGHUDW
DQ$O6LUDWLRRI7KHWHPSHUDWXUHRIWUDQVIRUPDWLRQWRPXOOLWHVKLIWVWRDERYHÛ&LQWKH
%RHKPLWHGHULYHG V\VWHP FRPSDUHG WR Û& LQ WKH $O&O32 V\VWHP  ,W KDV EHHQ
REVHUYHG WKDW WKHPHVRVWUXFWXUHVRI WKRVHDHURJHOV UHPDLQ VWDEOHDERYHR&DV VHHQ LQ
)LJXUH
$UDGLDWLRQRSDFLILHUVXFKDV7L2ZKHQDGGHGWR6L2FDQUHGXFHKHDWWUDQVIHUDWKLJKHU
WHPSHUDWXUHV $V UHSRUWHG LQ OLWHUDWXUHVDGGLWLRQRI7L WRDOXPLQDDQGPXOOLWHV\VWHPVDIIHFWV
PHFKDQLFDO VWUHQJWK JUDLQ VL]H DQG FRHIILFLHQW RI WKHUPDO H[SDQVLRQ  7KH VROJHO DSSURDFK
ZDV XVHG WR LQFRUSRUDWH 7L XVLQJ WLWDQLXP LVRSURSR[LGH 7,3 DW WKH PROHFXODU OHYHO LQWR WKH
DOXPLQRVLOLFDWH PDWUL[ PDGH ZLWK %RHKPLWH DQG 7(26  7HQDU\ $O6L7L DHURJHOV ZHUH
IDEULFDWHGVXFFHVVIXOO\XVLQJ6DVRO1$33:DQG7SRZGHUV7KHWHUQDU\V\VWHPXVLQJ
/SRZGHUGLGQRWJHO $GGLQJ7LKDVQRLQIOXHQFHRQGHQVLW\EXW LQFUHDVHVWKHSRUHYROXPH
ZKLFKFDQEHDWWULEXWHGWRWKHDSSHDUDQFHRIODUJHUSRUHV7L LQFRUSRUDWLRQDOVRKDVLQIOXHQFH
RQ SKDVH WUDQVIRUPDWLRQ  7KH 7L FRQWDLQLQJ DOXPLQRVLOLFDWH DHURJHOV WUDQVIRUP WR PXOOLWH DW
ORZHU WHPSHUDWXUH WKDQ WKH FRUUHVSRQGLQJ DHURJHO ZLWKRXW 7L DFFRPSDQLHG E\ ORVV RI SRUH
VWUXFWXUHDQGGHQVLILFDWLRQDQGIRUPDWLRQRIODUJHUSDUWLFOHVL]HV8VLQJ7,3DVWKH7LVRXUFH
DOORZLQJLQWURGXFWLRQRI7LLQWRWKHEDFNERQHVWUXFWXUHRIWKHJHODWWKHPROHFXODUOHYHOEXWLQWKH
WHUQDU\DHURJHO7LLQFRUSRUDWLRQLVOLPLWHGWRPROHSHUFHQW7KLVLVGXHWRODUJHLQFUHDVHVLQ
%RHKPLWHSRZGHU șGHJUHH GVSDFLQJc &U\VWDOOLWHVL]HQP
3Z   
3   
7   
/   
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YLVFRVLW\ DQG GHFUHDVHG JHODWLRQ WLPH ZLWK 7,3 DGGLWLRQ  )RU DSSOLFDWLRQV QHHGLQJ KLJKHU 7L
ORDGLQJV WKHVROJHODSSURDFKFDQDOVREHXVHG WRV\QWKHVL]H$O7L2DHURJHOVFRQWDLQLQJ
SHUFHQW7LRIWKHWRWDOPHWDO7KLVIRUPXODWLRQZDVIDEULFDWHGXVLQJ33:DQG/SRZGHUV
)LJXUH6XUIDFHDUHDVRIDOXPLQRVLOLFDWHDHURJHOXVLQJGLIIHUHQW%RHKPLWHSRZGHUV:LWK
NLQGSHUPLVVLRQIURP6SULQJHU6FLHQFH-RXUQDORI6RO*HO6FLHQFHDQG7HFKQRORJ\³,QIOXHQFH
RI7L$GGLWLRQRQ%RHKPLWH'HULYHG$OXPLQXPVLOLFDWH$HURJHOV6WUXFWXUHDQG3URSHUWLHV´
),+XUZLW]+*XR5%5RJHUV(-6KHHWV'50LOOHU.11HZOLQ0.
6KDYH$53DOF]HUDQG07&R[)LJXUH

)LJXUH6(0LPDJHVRID7KHDOXPLQRVLOLFDWHDHURJHO$O6LPDGHZLWK3:DQGDIWHU
KHDW WUHDWPHQW DW E  R& DQG F  R& DQG G DOO 3: DHURJHO DQG DIWHU KHDW
WUHDWPHQWDWHR&DQGIR&
%HFDXVH RI WKH IUDJLOH QDWXUH RI WKH DOXPLQRVLOLFDWH DHURJHO PRQROLWKV ZH GHYHORSHG D
WHFKQLTXH WR UHLQIRUFH WKRVH XVLQJ FHUDPLF IDEULFV SDSHUV RU IHOWV  $OXQLPRVLOLFDWH DHURJHO
FRPSRVLWHVKDYHEHHQSUHSDUHGXVLQJ$3$DOXPLQDSDSHU$VWURTXDUW]VLOLFDILEHUIDEULFDQG
)LEHUIUD[ $+DOXPLQDSDSHU  )LJXUH  VKRZV WKDW D FRPSRVLWHPDGHZLWK LQFRUSRUDWLQJ
DOXPLQRVLOLFDWH DHURJHOV LQWR $3$ DOXPLQD SDSHU UHPDLQV IOH[LEOH  7KH DOXPLQRVLOLFDWH
DHURJHO$3$FRPSRVLWHKDVDGHQVLW\RIJFPDERXWKDOIRI WKHGHQVLW\RI0LFURWKHUP
D E F
G H
I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+7JFP 7KHDOXPLQRVLOLFDWHDHURJHOERQGVZHOO WR WKHDOXPLQDILEHUV)LJXUH
7KH UHVXOWHG DOXPLQRVLOLFDWH DHURJHO FRPSRVLWHV DUH PXFK HDVLHU WR KDQGOH WKDQ $VSHQ¶V
FRPSRVLWHEODQNHWV3\URJHODQG3\URJHO
)LJXUH$HURJHOFRPSRVLWHUHLQIRUFHGZLWK$3$SDSHU
)LJXUH0LFURVWUXFWXUHRI$3$ZLWKDHURJHOFRPSRVLWHVKRZLQJJRRGERQGLQJRIDHURJHOWR
ILEHUV
 2YHUYLHZRIWKH(IIRUW
:LWK WKH GHYHORSPHQW RI WKH DHURVSDFH WHFKQRORJ\ QRYHO LQVXODWLRQPDWHULDOV ZLWK ORZHU
WKHUPDOFRQGXFWLYLW\OLJKWHUZHLJKWDQGKLJKHUXVHWHPSHUDWXUHDUHUHTXLUHGWRILWWKHDHURVSDFH
DSSOLFDWLRQ QHHGV  +DYLQJ QDQRVL]H SRUHV DQG KLJK SRURVLW\ DHURJHOV DUH VXSHULRU WKHUPDO
LQVXODWRUVDPRQJRWKHUWKLQJV2XUUHVHDUFKJRDOZDVWRGHYHORSDHURJHOVZLWKPHFKDQLFDODQG
HQYLURQPHQWDOVWDELOLW\ WKDWVXLWDEOH IRUDYDULHW\RIDHURQDXWLFDQGVSDFHDSSOLFDWLRQV  ,Q WKH
SDVW VL[ \HDUV VHYHUDO GLIIHUHQW W\SHV RI DHURJHOV LQFOXGLQJ SRO\PHU K\EULG VLOLFDEDVHG
SRO\LPLGHDQG LQRUJDQLFDHURJHOVKDYHEHHQIRUPXODWHG IDEULFDWHGDQGFKDUDFWHUL]HG 0XFK
VXFFHVVKDVOHGWRWKHVFDOHXSSURFHVVIRUWHVWLQJIRUGLIIHUHQWDSSOLFDWLRQVVXFKDVLQVXODWLRQV
IRUFU\RWDQNV IRUDGYDQFHGVSDFHSURSXOVLRQV\VWHPV LQIODWDEOHDHURG\QDPLFGHFHOHUDWRUV IRU
('/RSHUDWLRQVDQGDQWHQQDVLQDLUFUDIWVDQGRWKHUDLUERUQHSODWIRUPV
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7KHRYHUDOODFKLHYHPHQWVRIWKLVHIIRUWWRGDWHLQFOXGH
x 7KHPLOHVWRQHVDFKLHYHGDQGGHOLYHUHGKDYHIDUH[FHHGHGH[SHFWDWLRQV
x 6HYHUDOSDSHUVWDONVDQGSRVWHUVKDYHEHHQSXEOLVKHGDQGSUHVHQWHG
x 7ZRSDWHQWVZHUHJUDQWHG
x )LYHGLVFORVXUHVKDYHEHHQILOHG
x 7KUHH DZDUGV ([FHSWLRQDO 6SDFH $FW $ZDUG 5	' DQG 1RUWHFK ,QQRYDWLRQ ZHUH
UHFHLYHG
x 6HYHUDOUHFRJQLWLRQVKDYHEHHQDFNQRZOHGJHG
x $ WRWDORIDHURJHOVDPSOHVKDYHEHHQH[DPLQHGDQG6(0 LPDJHVZHUH
WDNHQDQGHGLWHG
x /DUJHFRPSRQHQWVKDYHEHHQSURGXFHGEH\RQGWKHODEVFDOH
x 7HVWVIRUDFWXDODSSOLFDWLRQVKDYHEHHQFRQGXFWHGRQDVPDOOVFDOH
x *HQHUDWLQJLQWHUHVWVIURPFRPSDQLHVLQVWLWXWLRQVDQGJRYHUQPHQWFHQWHUV
x 0HQWRULQJDQGWUDLQLQJVHYHUDOLQWHUQVIURPGLIIHUHQWSURJUDPVLQFOXGLQJ/(5&,38653
0867DQG,163,5(
 )XWXUH:RUN
)XUWKHULQYHVWLJDWLRQDQGDGYDQFHGVWXGLHVRIWKHVHRQJRLQJGHYHORSPHQWVDUHHVVHQWLDO
7KHSURSRVHGWDVNVDQGWKHLUGHOLYHU\GDWHVDUHGHVFULEHGEHORZ
 3RO\PHU+\EULGFURVVOLQNHG6LOLFDEDVHGDQG)LEHUVSXQ6LOLFD$HURJHOV
2XUH[WHQVLYHVWXGLHVKDYHEHHQIRFXVHGRQLPSURYLQJSK\VLFDODQGPHFKDQLFDOSURSHUWLHV
RIQRQUHLQIRUFHGRUQDWLYHVLOLFDDHURJHOVE\FURVVOLQNLQJWKHVNHOHWDOVWUXFWXUHVRIVLOLFDJHOV
ZLWKRUJDQLFSRO\PHUVDVZHOODVHPEHGGLQJQDQRPDWHULDOV LQWRWKHVLOLFDJHOV 5HVXOWVWKXV
IDUKDYHVKRZQDQLPSURYHPHQWLQSK\VLFDODQGPHFKDQLFDOSURSHUWLHVRIWKHVHV\VWHPV
 &RPSOHWHG WKH VWXG\ RI DHURJHO V\VWHP FURVVOLQNHG ZLWK SRO\VW\UHQH DW GLIIHUHQW
PROHFXODUZHLJKWV
 &RPSOHWHGWKHVWXGLHVRQGHYHORSLQJ
 )OH[LEOHSRO\PHUFURVVOLQNHGK\EULGVLOLFDEDVHGDHURJHOVZLWKGLIIHUHQWVLOLFD
EDVHGSUHFXUVRUVDQGZLWKGLIIHUHQWSRO\PHUV
 )OH[LEOHQDQRILEHUUHLQIRUFHGVLOLFDDHURJHOV
 &RPSOHWHG WKH VWXG\ RI SRO\LPLGH DQG FOD\UHLQIRUFHG SRO\LPLGH FURVVOLQNHG
VLOLFDEDVHGDHURJHOV
 &RPSOHWHGWKHVWXG\RIRQHSRWFURVVOLQNHGDHURJHOV
 &URVVOLQNHGSRO\LPLGHDHURJHOV
:KLOHSRO\PHUFURVVOLQNHGVLOLFDEDVHGDHURJHOVDUHSRWHQWLDOO\VXLWDEOHIRUORZWHPSHUDWXUH
DSSOLFDWLRQV KLJKHU WHPSHUDWXUH VWDELOLW\ LV UHTXLUHG IRU D YDULHW\ RI DHURQDXWLF DQG VSDFH
DSSOLFDWLRQVVXFKDVVSDFHVXLWLQVXODWLRQIRUSODQHWDU\VXUIDFHPLVVLRQVLQVXODWLRQIRULQIODWDEOH
VWUXFWXUHV IRU KDELWDWV LQIODWDEOH DHURG\QDPLF GHFHOHUDWRUV IRU ('/ RSHUDWLRQV  2QH RI WKH
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RUJDQLF DHURJHO W\SHV WKDW KDV EHHQ LQYHVWLJDWHG DW *OHQQ LQYROYHV WKH GHYHORSPHQW RI
SRO\LPLGH DHURJHOV ERWKPRQROLWKV DQG IOH[LEOH WKLQ ILOPV GXH WR WKHLU WKHUPDO VWDELOLW\ XS WR
&ZKHQFRPSDUHGWRPRVWRUJDQLFSRO\PHUV
 &RPSOHWHG LGHQWLI\LQJ DQG RSWLPL]LQJ DHURJHO V\VWHPV WKDW VKRZ SRWHQWLDO XVH IRU
FRPPHUFLDOL]DWLRQ
 &RPSOHWHG IDEULFDWLQJ DQG EXLOGLQJ FURVVOLQNHG SRO\LPLGH DHURJHO DV DQ
LQVXODWLQJ PDWHULDO IRU FU\RWDQNV  3URGXFWV ZHUH GHOLYHUHG WR 1$6$ 0DUVKDOO
6SDFH)OLJKW&HQWHU
 &RPSOHWHGIDEULFDWLQJGLIIHUHQWVL]HVRI7$%FURVVOLQNHGSRO\LPLGHIRU$QWHQQD
SURMHFW3KDVH
 &RPSOHWHG WKH VFDOHXS SURFHVV WR SURGXFH SRO\LPLGH DHURJHO ILOPV DW WKH
8QLYHUVLW\RI$NURQ6HHNLQJ,QGXVWU\VFDOHXSLVRQJRLQJ
 ,QSURJUHVVRIVFDOLQJXS WKHSURFHVV IRU$QWHQQDSURMHFW 3KDVH 2QJRLQJ
FRPSOHWHG
 ([DPLQLQJ DQG WHVWLQJ WKH SRO\LPLGH DHURJHO ILOPV IRU LQIODWDEOH DHURG\QDPLF
GHFHOHUDWRUV
 &RPSOHWHGWKH/+0(/DQG/DQJOH\¶ZLQGWXQQHOLQJWHVWV
 ,QSURJUHVVRIXVLQJ%RHLQJ/&$7WHVW2QJRLQJ
 $OXPLQRVLOLFDWHDQGRSDFLILHGDOXPLQRVLOLFDWHDHURJHOV
$OWKRXJKSRO\PHUK\EULGVLOLFDEDVHGDQGSRO\LPLGHDHURJHOVKDYHIRXQGEHHQWREHPXFK
VWURQJHU WKDQ WKH QDWLYH RU QRQFURVVOLQNHG VLOLFD DHURJHO WKH\ DUH LQDSSOLFDEOH IRU XVHV DW
KLJKHU WHPSHUDWXUHVDERYHR& 2WKHU W\SHVRI LQRUJDQLFDHURJHOVKDYHEHHQ LQYHVWLJDWHG
VXFKDV$OXPLQRVLOLFDWHDHURJHOVZKLFKGHQVLI\DQGVLQWHUDWWHPSHUDWXUHDERYH&
 &RPSOHWHG IDEULFDWLQJ $OXPLQRVLOLFDWH DHURJHO XVLQJ %RHKPLWH SRZGHU DV $OXPLQXP
SUHFXUVRU
 &RPSOHWHG VWXG\LQJ WKH HIIHFW RI XVLQJ RSDFLILHUV LQ WKH DOXPLQRVLOLFDWH DHURJHOV DQG
WKHLURYHUDOOSURSHUWLHV  
 &RPSOHWHGIDEULFDWLQJDQGLPSURYLQJWKHDOXPLQRVLOLFDWHDHURJHO$3$FRPSRVLWHVZLWK
EHWWHUWKHUPDOVWDELOLW\DELOLW\6HYHUDORWKHUNLQGVRIFHUDPLFSDSHUVIHOWV
DQGFHUDPLFR[LGHIRDPVZHUHXVHGWRPDNHDOXPLQRVLOLFDWHDHURJHOFRPSRVLWHV2Q
JRLQJ
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 3DWHQWV
 +*XRDQG0$%0HDGRU³3RO\DON\OHQHLPLGHDHURJHO´/(:, 
 %11JX\HQDQG0$%0HDGRU863DWHQW1R ³+LJKO\SRURXVFHUDPLFR[LGH
DHURJHOVKDYLQJLPSURYHGIOH[LELOLW\´1RYHPEHU
 %11JX\HQ+*XRDQG0$%0HDGRU863DWHQW1R86&RQWLQXDWLRQLQ3DUW
$SSOLFDWLRQIRU³+LJKO\SRURXVFHUDPLFR[LGHDHURJHOVKDYLQJLPSURYHGIOH[LELOLW\´6HSWHPEHU

 )+XUZLW]'50LOOHU+*XRDQG0 *)LHOGV ³0HWKRG IRU)DEULFDWLQJ$HURJHO3DSHU
)HOWRU)DEULF5HLQIRUFHG&RPSRVLWHV´/(:
5. 0$%0HDGRUDQG+*XR ³3RURXV&URVVOLQNHG3RO\LPLGH1HWZRUNV´2$,86
/(:86SDWHQWDSSOLFDWLRQ1R)HEUXDU\
 *6DXWL7%;X(-6LRFKL6:LONLQVRQ0$0HDGRUDQG+*XR³5REXVW)OH[LEOH
DQG /LJKWZHLJKW 'LHOHFWULF %DUULHU 'LVFKDUJH $FWXDWRUV XVLQJ 1DQRIRDPV$HURJHOV´ /$U

 %11JX\HQDQG0$%0HDGRU³+LJKWHPSHUDWXUHIOH[LEOHDQGIROGDEOHSRO\LPLGHDHURJHOV
ZLWKKLJKPHFKDQLFDOSURSHUWLHV´/(:
 $ZDUGV
 ([FHSWLRQDO6SDFH$FW$ZDUG0$%0HDGRUDQG+*XR
 1RUWHFK,QQRYDWLRQ$ZDUG0$%0HDGRUDQG+*XR
 5	'$ZDUGIURP5	'PHJD]LQH0$%0HDGRUDQG+*XR
 5HFRJQLWLRQV
 &KHPLFDO (QJLQHHULQJ QHZV ³3RO\PHU $HURJHOV 3URYLGH ,QVXODWLRQ )RU (DUWK DQG 6SDFH´

 5	'PDJD]LQH³$7RXJKHU$HURJHO´$XJ
 7HFK%ULHI/(:
 7HFK%ULHI/(:
 3ODLQ'HDOHU³2KLR$HURVSDFH,QVWLWXWHH[SORUHVHDUWKO\XVHVIRUVSDFHDJHLGHDV´0DUFK

 %11JX\HQ0$%0HDGRU6/9LYRGDQG0(7RXVOH\1$6$*OHQQ5HVHDUFK
&HQWHU5	7³)OH[LEOH&URVVOLQNHG$HURJHOV´
 0$%0HDGRU%11JX\HQDQG**RXOG1$6$*OHQQ5HVHDUFK&HQWHU5	7
³0DQXIDFWXULQJ3URFHVVIRU3RO\PHU&URVVOLQNHG$HURJHO&RPSRVLWHV'HYHORSHG´
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 &RQIHUHQFH3UHVHQWDWLRQV
 0$%0HDGRU+*XRDQG1-0HVLFN ³3RO\LPLGH$HURJHOVIRU8VHDV ,QVXODWLRQIRU
,QIOH[LEOH7KHUPDO3URWHFWLRQ6\VWHP IRU ,QIODWDEOH$HURG\QDPLF'HFHOHUDWRUV´ WK$&6
PHHWLQJ,QGLDQDSROLV,/
 0$%0HDGRU)$0LUDQGD6:ULJKW$6QDGEHUJ%11JX\HQ):9DQ.HXOV&
+0XHOOHUDQG55RGULJXH]6RNLV³/RZ'LHOHFWULF3RO\LPLGH$HURJHOVDVD6XEVWUDWHIRU
3DWFK/LJKWZHLJKW$QWHQQDV´3RURXV3RO\PHUV6\PSRVLXP$PHULFDQ&KHPLFDO6RFLHW\
6SULQJ1DWLRQDO0HHWLQJ1HZ2UOHDQV/RXLVLDQD$SULO
 ),+XUZLW]5%5RJHUVDQG+*XR³+LJK7HPSHUDWXUH$OXPLQRVLOLFDWH$HURJHO%DVHG
&RPSRVLWHVIRU736´*RUGRQ&RQIHUHQFH
 ) , +XUZLW] DQG + *XR  ³7KHUPDO 3HUIRUPDQFH RI )OH[LEOH +LJK 7HPSHUDWXUH $HURJHO
&RPSRVLWH,QVXODWLRQ´16006PHHWLQJ-XQH%HOOHYXH:$
 + *XR 0 $ % 0HDGRU 6 %DOL / 0F&RNOH - *XR % +DPLOWRQ DQG 0 &DNPDN
³2SWLPL]DWLRQ RI SURSHUWLHV RI FURVVOLQNHG SRO\LPLGH DHURJHOV IRU KLJK WHPSHUDWXUH
DHURVSDFHDSSOLFDWLRQV´WK$&6PHHWLQJ1HZ2UOHDQV/$
 0$%0HDGRU)$0LUDQGD6:ULJKW$6QDGEHUJ%11JX\HQ):9DQ.HXOV&
+0XHOOHUDQG55RGULJXH]6RNLV³/RZ'LHOHFWULF3RO\LPLGH$HURJHOVDVD6XEVWUDWHIRU
3DWFK /LJKWZHLJKW $QWHQQDV´ 3RURXV 3RO\PHUV 6\PSRVLXP $PHULFDQ &KHPLFDO 6RFLHW\
6SULQJ1DWLRQDO0HHWLQJWK$&6PHHWLQJ1HZ2UOHDQV/$
 + *XR 0 $ % 0HDGRU ' $ 6FKHLPDQ DQG / 0F&RUNOH  ³2FWDDPLQRSKHQ\O
6LOVHVTXLR[DQH2$36&URVV/LQNHG3RO\LPLGH$HURJHOV´)DOO056PHHWLQJ1RY
%RVWRQ0$
 0 $ % 0HDGRU 6 / 9LYRG + *XR DQG % 1 1JX\HQ  ³'HYHORSPHQW RI )OH[LEOH
3RO\LPLGH $HURJHO ,QVXODWLRQ IRU +\SHUVRQLF ,QIODWDEOH $HURG\QDPLF 'HFHOHUDWRUV´ WK
,QWHUQDWLRQDOSODQHWDU\3UREH:RUNVKRS7RXORXVH)UDQFH-XQH
 -$'HOFRUVR:(%UXFH,,,6-+XJKHV-$'HF0'5H]LQ0$%0HDGRU+
*XR'*)OHWFKHU$0&DORPLQRDQG)0&KHDWZRRG  ³)OH[LEOH7KHUPDO3URWHFWLRQ
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 /LVWRI7DEOHV
7DEOH 3K\VLFDOSURSHUWLHVRISRO\LPLGHVLOLFDK\EULGDHURJHOVUHLQIRUFHGZLWK671FOD\
7DEOH 3UHSDUDWLRQ FRQGLWLRQV DQG SURSHUWLHV RI SRO\VW\UHQH FURVVOLQNHG VLOLFDEDVHG
DHURJHOV
7DEOH 3UHSDUDWLRQFRQGLWLRQVDQGPHDVXUHGSURSHUWLHVIRUSRO\PHUUHLQIRUFHGDHURJHOV
7DEOH 3UHSDUDWLRQFRQGLWLRQVDQGPHDVXUHGSURSHUWLHVIRUQRQUHLQIRUFHGDHURJHOV
7DEOH 3UHSDUDWLRQ FRQGLWLRQV DQG PHDVXUH SURSHUWLHV RI PRQROLWKV PDGH IURP %763'
7026DQG9706D
7DEOH 3URFHVVYDULDEOHVDQGSURSHUWLHVRISRO\LPLGHDHURJHOVSUHSDUHGLQWKHVWXG\1RWH
WKDW2'$IUDFWLRQLVPRO±ULJLGGLDPLQHPRO
7DEOH &U\VWDOORJUDSKLFFKDUDFWHULVWLFVRI%RHKPLWHSUHFXUVRUV
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 /LVWRI6FKHPHV
6FKHPH &KHPLFDOUHDFWLRQRISRO\LPLGHVLOLFDK\EULGDHURJHO
6FKHPH 3URSRVHGPROHFXODUVWUXFWXUHRIVLOLFDJHOPDGHIURPDSSUR[LPDWHO\9706DQG
%706+
6FKHPH 3URSRVHGFURVVOLQNLQJRI9706DQGVW\UHQH
6FKHPH 3URSRVHGPROHFXODUVWUXFWXUHRIDHURJHOVIURP0706DQG%7063$UHLQIRUFHGZLWK
WULLVRF\DQDWH'HVPRGXU1
6FKHPH 0HFKDQLVP IRU FURVVOLQNLQJ UHDFWLRQ RI DPLQHZLWK WULLVRF\DQDWH LQFOXGLQJ FKDLQ
H[WHQVLRQUHDFWLRQGXHWRH[FHVVZDWHU
6FKHPH )RUPDWLRQRIQHWZRUNXVLQJ%763'7026DQG9706LQDVROJHOSURFHVV
6FKHPH 7KHV\QWKHVLVRIWKH2$36FURVVOLQNHGSRO\LPLGHDHURJHOQHWZRUNZKHUHQLVWKH
UHSHDWLQJXQLW
6FKHPH *HQHUDOV\QWKHVLVURXWHIRUSRO\LPLGHDHURJHOVFURVVOLQNHGZLWK7$%
NASA/CR—2014-218328 49
 /LVWRI)LJXUHV
)LJXUH 5HVSRQVHVXUIDFHPRGHOIRUPRGXOXVSORWWHGYVWRWDOVLOLFRQFRQFHQWUDWLRQDQG
%706+GHULYHG6LPRO
)LJXUH 7\SLFDOVWUHVVVWUDLQFXUYHVIRUDUHSHDWFRPSUHVVLRQWHVWVRQDIRUPXODWLRQZLWK
PRO%706+DQGEIRUPXODWLRQZLWKPRO%706+
)LJXUH 0RQROLWKIURPIRUPXODWLRQVKRZQEHIRUHDQGDIWHUWZRFRPSUHVVLRQF\FOHV
)LJXUH 6FDQQLQJHOHFWURQPLFURVFRSH6(0LPDJHVRIDHURJHOPRQROLWKVSUHSDUHGIURP
XSSHUPHWKDQROVROXWLRQD±FDQGORZHUHWKDQROVROXWLRQG±I
)LJXUH 6(0LPDJHVRIVHOHFWQRQUHLQIRUFHGVDPSOHVDEDQGFIURP7DEOHFRPSDUHG
WRFRUUHVSRQGLQJUHLQIRUFHGDHURJHOVIURP7DEOHSUHSDUHGXVLQJDFHWRQLWULOHDV
VROYHQWGHDQGIDQGXVLQJDFHWRQHDVVROYHQWJKDQGL
)LJXUH 6ROLG&105VSHFWUDRIVDPSOHVIURPIRUPXODWLRQVOLVWHGLQ7DEOH6DPSOH
VSHFWUDVKRZQLQDDFHWRQLWULOHDQGEDFHWRQHZHUHIDEULFDWHGDWKLJKHVW6L
FRQFHQWUDWLRQPROOZLWKPRO%7063$GHULYHG6LZKLOHFDFHWRQLWULOH
DQGGDFHWRQHZHUHIDEULFDWHGDWORZHVW6LFRQFHQWUDWLRQPROO6LZLWKPRO
%706$3GHULYHG6L
)LJXUH 7\SLFDOVWUHVVVWUDLQFXUYHVIRUDSRO\PHUUHLQIRUFHGDHURJHOFRPSDUHGWRDQRQ
UHLQIRUFHGDHURJHOERWKSUHSDUHGLQDFHWRQLWULOH
)LJXUH 7\SLFDOVWUHVVVWUDLQFXUYHVIRUDUHSHDWFRPSUHVVLRQWHVWVRQYDULRXVSRO\PHU
UHLQIRUFHGDHURJHOVZLWKGLIIHUHQWWRWDOVLOLFRQFRQFHQWUDWLRQDQG%063$OHYHOVRI
PRQROLWKVSUHSDUHGLQDFHWRQLWULOH
)LJXUH 3KRWRVRIWKHVHOHFWHGVDPSOHVPDGHZLWK%763'7026DQG9706
)LJXUH *UDSKRIHPSLULFDOPRGHOIRUVXUIDFHDUHDYV%763'DQG7026FRQFHQWUDWLRQ
VKRZQZLWKUDZGDWD1RWHWKDW9706LVQRWDVLJQLILFDQWIDFWRULQWKHPRGHORYHU
DQGDERYHUDQGRPHUURU
)LJXUH 6(0LPDJHVRIDVDPSOHPROO%763'DQGEVDPSOHPROO%76'3
PDGHXVLQJPROO7026FRPSDUHGWRVDPSOHVPDGHZLWKPROO7026F
VDPSOHPROO%763'DQGGVDPSOHPROO%763'
)LJXUH *UDSKRIHPSLULFDOPRGHOIRUZDWHUFRQWDFWDQJOHYV%763'DQG9706
FRQFHQWUDWLRQDWWKUHHOHYHOVRI7026FRQFHQWUDWLRQ
)LJXUH *UDSKRIDHPSLULFDOPRGHOIRUFRPSUHVVLYHPRGXOXVYV%763'DQG9706
FRQFHQWUDWLRQDQGESRZHUODZUHODWLRQVKLSEHWZHHQGHQVLW\DQGPRGXOXV
)LJXUH D6WUHVVVWUDLQFXUYHVRIVDPSOHIURP7DEOHFRPSUHVVHGWRVWUDLQWZLFH
6ROLGOLQHILUVWFRPSUHVVLRQGDVKHGOLQHVHFRQGFRPSUHVVLRQEVDPSOH
FRPSUHVVHGE\ILQJHUSUHVVXUHGHPRQVWUDWLQJIXOOUHFRYHU\DQGFUHFRYHU\DIWHU
FRPSUHVVLRQRIVDPSOHYVWLPH
)LJXUH *UDSKRIHPSLULFDOPRGHOIRUXQUHFRYHUHGVWUDLQYV%763'DQG9706
FRQFHQWUDWLRQ
)LJXUH $2$36FURVVOLQNHGSRO\LPLGHDHURJHOVDPSOHPDGHZLWK%3'$DQG'0%=
)LJXUH 6(0LPDJHVRISRO\LPLGHDHURJHOVIURPD%$;E33'$F2'$DQGG
'0%=
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)LJXUH 6(0LPDJHVRIWKH2$36FURVVOLQNHGSRO\LPLGHDHURJHOQ DWDURRP
WHPSHUDWXUHDQGDIWHUKHDWLQJIRUKRXUVLQQLWURJHQDWER&FR&DQG
G R&7KHVFDOHEDUVLQWKHPLFURJUDSKVDUHDOOP
)LJXUH 7KHUPDOFRQGXFWLYLWLHVRI2$36FURVVOLQNHGSRO\LPLGHDHURJHOVPDGHZLWK%$;
DQG2'$
)LJXUH D$SRO\LPLGHJHOILOPFDVWZLWKD´ZLGH'U%ODGHDQGDJDSRIPPDQGE
GU\SRO\LPLGHDHURJHOILOP
)LJXUH 6(0LPDJHVRIFURVVVHFWLRQRIWKHDHURJHOILOPPDGHZLWKPRO'0%=DQG
PRO2'$
)LJXUH 3RO\LPLGHDHURJHOWKLQILOPVPDGHXVLQJ2'$OHIWDQGPRO'0%=
PRO2'$ULJKWVKRZQLQZDWHUWRSDQGDIWHUDLUGU\LQJERWWRP
)LJXUH 3RO\LPLGHDHURJHOVFURVVOLQNHGZLWK7$%VKRZQIDEULFDWHGDVIOH[LEOHWKLQILOPVRU
PROGHGWRDQHWVKDSH
)LJXUH 7KH6(0LPDJHVRI7$%FURVVOLQNHGSRO\LPLGHDHURJHOPDGHZLWKD33'$Q 
E 2'$Q F2'$Q G'0%=Q DQGHPRO'0%=PRO
2'$Q 
)LJXUH 3KRWRVRISDWFKDQWHQQDVRQDSRO\LPLGHDHURJHOVXEVWUDWHE5RJHUV'XURLG
DQGF5RJHUV'XURLG
)LJXUH 6XUIDFHDUHDVRIDOXPLQRVLOLFDWHDHURJHOXVLQJGLIIHUHQW%RHKPLWHSRZGHUV
)LJXUH 6(0LPDJHVRID7KHDOXPLQRVLOLFDWHDHURJHO$O6LPDGHZLWK3:DQGDIWHU
KHDWWUHDWPHQWDWER&DQGFR&DQGGDOO3:DHURJHODQGDIWHU
KHDWWUHDWPHQWDWHR&DQGIR&
)LJXUH $HURJHOFRPSRVLWHUHLQIRUFHGZLWK$3$SDSHU
)LJXUH 0LFURVWUXFWXUHRI$3$ZLWKDHURJHOFRPSRVLWHVKRZLQJJRRGERQGLQJRIDHURJHOWR
ILEHUV
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